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THE DETEÇTION OF NUCLEAR RADIATION USING THE 
CUMULATIVE PHOTODIELECTRIC EFFECT IN CADMIUM SULFIDE
CHAPTER 1 
INTRODUCTION
1.1 INTRODUCTION
T his  d i s s e r t a t i o n  d e s c r ib e s  an i n v e s t i g a t i o n  o f  th e  u se  of 
th e  p h o t o d i e l e c t r i c  e f f e c t  in  sem i-conduc to rs  f o r  u se  a s  a n u c le a r  r a ­
d i a t i o n  d o s im e te r .  p r e s e n t l y ,  sem i-conductor  d iode  d e t e c to r s  and 
gaseous  d e t e c to r s  a re  o p e ra te d  in  th e  DC mode. In  t h i s  mode, a 
DC e l e c t r i c  f i e l d  sweeps io n iz e d  charge  c a r r i e r s  tow ards th e  
e l e c t r o d e s ,  where they  a re  c o l l e c t e d  and re c o rd e d .  The s c in ­
t i l l a t i o n  d e t e c to r  depends on io n iz in g  r a d i a t i o n  cau s in g  a s h i f t  
In  th e  energy o f  e l e c t r o n s ,  which then  r e t u r n  to  t h e i r  lower 
energy  s t a t e ,  g iv in g  o u t  l i g h t .  This l i g h t  must th e n  be c o l l e c t e d  
and r e c o rd e d ,  u s in g  a p h o to m u l t ip l ie r  tu b e .  Since th e  semi­
conductor and gaseous d e t e c to r s  r e l y  on charge c o l l e c t i o n ,  a f a i l u r e  
to c o l l e c t  a l l  th e  io n iz e d  c a r r i e r s  w i l l  r e s u l t  in  a l o s s  o f  
s ig n a l  am plitude and r e s o l u t i o n .  In  th e  case  o f  th e  s c i n t i l l a t i o n  
d e t e c t o r i  f a i l u r e  to  *'sea" a l l  th e  l i g h t  w i l l  a l so  r e s u l t  in  a lo s s  
o f  s ig n a l  am plitude and r e s o l u t i o n .
The p h o to d le la c C r lc  e f f e c t  does n o t  r o ly  on charge  c o l l e c t i o n ,  b u t  
on an induced change in  th e  d i e l e c t r i c  p r o p e r t i e s  o f  th e  bu lk  
sem iconductor c r y s t a l .
There can be two ty p e s  o f  d i e l e c t r i c  change in  a bulk 
sem iconductor c r y s t a l ,  t h a t  which i s  s h o r t  l i v e d  and t h a t  which 
e x i s t s  o v e r  a long  p e r io d  o f  time compared to  th e  measurement t im e . 
That i s  to  s a y ,  a change w i l l  o ccu r  i n  the  d i e l e c t r i c  p r o p e r t i e s ,  
o f  the  bu lk  so long  as  r a d i a t i o n  i s  impinging on th e  c r y s t a l ,  b u t  
once th e  r a d i a t i o n  s to p s ,  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  bulk  
r e t u r n s  to  th e  p r e - r a d i a t i o n  v a lu e .  This type o f  change may be 
c a l l e d  tem porary . The long  term change can b e s t  be d e sc r ib e d  as  
i n t e g r a t i o n  over  t im e ; as  long  as  r a d i a t i o n  im pinges on th e  
c r y s t a l  th e  d i e l e c t r i c  c o n s ta n t  changes ,  b u t  when th e  r a d i a t i o n  
s to p s ,  the  d i e l e c t r i c  c o n s ta n t  rem ains a t  i t s  f i n a l  v a lu e .  I t  i s  
th e  l a t t e r  case  which i s  co n s id e re d  in  th e  p r e s e n t  work.
1 .2 ;  Background o f  R ad ia t io n  D e te c to rs
The p r e s e n t  s t a t e  o f  the  a r t  o f  n u c le a r  r a d i a t i o n  
d e t e c to r s  in c lu d e s  th re e  b a s i c  ty p e s  of d e t e c t o r s :  g a se o u s ,  semi­
co n d u c to r ,  and s c i n t i l l a t i o n .  The f i r s t  two depend on io n iz e d  
charge c o l l e c t i o n  as t h e i r  method o f  re c o rd in g  r a d i a t i o n ,  and th e  
t h i r d  depends on l i g h t  c o l l e c t i o n .
The gaseous d e t e c t o r  f i e l d  may be d iv id e d  in to  th re e  
s u b - c l a s s e s ;  ion  chamber, p r o p o r t i o n a l ,  and G e ig e r -M u lle r .  These
Cypos o f  d e t e c t o r s  a l l  u s e  th e  s im p le  p r i n c i p l e  t h a t  most 
r a d i a t i o n  w i l l  n a t u r a l l y  ion ize  a  g a s .  Now i f  a gas i s  p la c e d  
between two e l e c t r o d e s  wtcn a Dc v o l ta g e  a p p l ie d  to  th e  e l e c t r o d e s ,  
th e  io n iz e d  c h a rg e  c a r r i e r s  caused  by n u c l e a r  r a d i a t i o n  w i l l  be 
c o l l e c t e d  and coun ted .  Whether th e  system  i s  an ion  chamber, p ro ­
p o r t i o n a l ,  o r  G e iger-M ulle r  depends on th e  v o l t a g e  a p p l ie d  to  the  
e l e c t r o d e s  ( s e e  F ig u re  1 -1 ) ,
Bi-eer/Zose Vo^^ 7Y3‘}£’
F ig u re  1 -1 .  GAS CHARACTERISTIC
In  th e  G e ig e r-M u lle r  r e g io n ,  th e  v o l t a g e  on th e  e l e c t r o d e  
i s  s u f f i c i e n t l y  h igh  so t h a t  any p rim ary  io n i z a t i o n  by n u c le a r  
r a d i a t i o n  w i l l  produce cascade  i o n i z a t i o n  r e s u l t i n g  in  a l a r g e  
s ig n a l  o u tp u t .  The G eiger-M ulle r  d e t e c to r  w i l l  respond  to  a l l  
ty p e s  o f  i o n i z in g  r a d i a t i o n ,  b u t  i t  w i l l  n o t  g iv e  any in fo rm a tio n  as  
to  th e  energy  c o n te n t  o f  th e  r a d i a t i o n ,  n o r  as  to  th e  type o f  
r a d i a t i o n .
In  th e  p r o p o r t i o n a l  r e g io n ,  th e  e l e c t r o d e  v o l ta g e  i s  h igh  
enough to  produce secondary  i o n i z a t i o n ,  b u t  cascade  : . io n iz a t io n  w i l l
n o t  o c c u r .  Thus the  o u tp u t  p u lse  I s  p ro p o r t io n a l  to  th e  prim ary  
i o n i z a t i o n  and thus  p ro p o r t io n a l  to  th e  in p u t  r a d i a t i o n  onorgy.
This  system  works w a ll  f o r  a lp h a  and b e ta  p a r t i c l e s ,  b u t  duo to  the  
low s to p p in g  power o f  g a s ,  t h i s  system  i s  p r a c t i c a l l y  u s e l e s s  f o r  
gamma r a y  energy  s t u d i e s .
F i n a l l y ,  the  ion  chamber d e t e c t o r  i s  o p e ra te d  such t h a t  f o r  
each i o n i z in g  e v e n t ,  no secondary  i o n i z a t i o n  o c c u r s .  This  r e ­
q u i r e s  a low v o l t a g e  on th e  e l e c t r o d e s .  Because o f  th e  one e v e n t  
one charge  p r i n c i p l e  (Appendix 2 ) ,  th e  o u tp u t  o f  th e  ion  chamber i s  
so low t h a t  i t  i s  a lm ost im poss ib le  to  r e c o r d .  Thus i f  th e re  i s  to
be a  p r a c t i c a l  o r  u s e fu l  o u tp u t ,  t h e r e  must be many io n i z a t i o n  e v e n t s .
In  a d d i t io n  to  th e  in h e re n t  drawbacks, each o f  th e  l a t t e r  
two system s must have a v e ry  s t a b l e  source  o f  DC e l e c t r o d e  v o l t a g e ;  
o th e rw is e  v o l t a g e  f l u c t u a t i o n s  w i l l  appear to  be r a d i a t i o n  e v e n t s .  
A lso ,  h igh  a m p l i f i c a t i o n  c i r c u i t s  must be used  to  a m p l i f y ' th e
o u tp u t  p u ls e  o r  p u l s e s .  These c i r c u i t s  s u f f e r  from n o i s e ,  a s  do
th e  d e t e c to r s  th em se lv es ,  r e s u l t i n g  in  a low er energy  l i m i t  o f  about 
IKeV. A, f u r t h e r  drawback i s  t h a t  th e  d e t e c to r s  become i n s e n s i t i v e  
a t  h ig h  o r  low r a t e s  o f  r a d i o a c t i v i t y .  At h ig h  f l u x  r a t e s ,  the  
gas does n o t  have a chance to  recom bine between each o f  the  e v e n t s .  
Thus, th e  d e t e c to r  may see  on ly  one o u t  o f  th r e e  ( a s  an a r b i t r a r y  
f i g u r e )  e v e n t s ;  t h e r e f o r e ,  energy  in fo rm a tio n  a t  h igh  r a t e s  o f  
energy  i s  im p o ss ib le .  At low f l u x  r a t e s ,  n o t  enough e v e n ts  o ccu r  
to be r e g i s t e r e d .  F u rtherm ore ,  a c e r t a i n  amount o f  energy  i s
needed to  io n iz e  a g a s ,  and once Che r a d i a t i o n  energy  f a l l s  below 
t h i s  l e v e l ,  no i o n i z a t i o n  o f  th e  gas  can o c c u r .
S c i n t i l l a t i o n  d e t e c t o r s  o f f e r  c o n s id e ra b le  advantages  ov e r  
gaseous d e t e c t o r s ,  p r i n c i p a l l y  because  o f  th e  improved gamma ra y  
c h a r a c t e r i s t i c s .  In  t h i s  d e t e c t o r ,  r a d i a t i o n  im pinging on a c r y s t a l  
c au ses  an upward s h i f t  i n  th e  energy  o f  an e l e c t r o n .  The e l e c t r o n  
then  drops back to  i t s  lo w e s t  energy  s t a t e ,  g iv in g  o u t  l i g h t .  Two 
ty p e s  o f  lu m in escen t  em iss ion  in  th e  phosphor must be d i s t i n g u i s h e d .  
One i s  a de layed  em ission  o f  r a d i a t i o n  c a l l e d  phosphorescence , and 
th e  o th e r  i s  a d i r e c t  p ro c e s s  c a l l e d  f lu o r e s c e n c e .  The de lay ing  
p ro c e s s  i s  caused  by a  s h i f t i n g  o f  th e  e l e c t r o n  in  i t s  energy bands 
by subsequen t r a d i a t i o n  b e fo re  i t  f i n a l l y  re a c h e s  th e  ground s t a t e .  
Th is  d e lay  can co n t in u e  f o r  10"^ seconds o r  lo n g e r ,  whereas 
f lu o re s c e n c e  ta k e s  p la c e  more r a p i d l y .  C onsequen tly ,  a  requ irem en t 
f o r  s c i n t i l l a t i o n  d e t e c to r s  i s  t h a t  th e  phosphorescence e f f e c t  be 
m inim al. A f u r t h e r  req u ire m en t i s  t h a t  th e  c r y s t a l  must be 
t r a n s p a r e n t  to  i t s  own l i g h t .  The l i g h t  o u tp u t  must then  be "seen** 
by a p h o to m u l t ip l i e r  tu b e ,  and th e  r e s u l t i n g  p u ls e  must then be am pli­
f i e d .  This p ro c e s s  ta k e s  t im e ,  and thus  low ers  the  tim e r e s o l u t i o n  
o f  th e  d e t e c t o r ,  and due to  th e  a m p l i f i e r s ,  a d d i t io n a l  n o is e  in  
th e  system i s  p r e s e n t .
Another d isad v an tag e  o f  th e  s c i n t i l l a t i o n  d e t e c to r  i s  t h a t  
i t  e x h i b i t s  poor a lp h a  p a r t i c l e  c h a r a c t e r i s t i c s .  T h is  i s  due to 
th e  low ion  co n v ers io n  e f f i c i e n c y  f o r  e x c i t a t i o n  by h e a v i ly
Io n iz in g  p a r tz lc lo s .  The poor conv ers io n  r e s u l t s  from th e  f a c t  t h a t  
th e  a l p h a - p a r t i c l o s  e x c i t e  e l e c t r o n s  in to  th e  h ig h e r  energy  s t a t e s  
w hich , because  o f  t h e i r  n a t u r e ,  do n o t  g iv e  o u t  l i g h t  when they 
r e t u r n  to  t h e i r  low es t  energy  s t a t e s .  F i n a l l y ,  th e  system has a 
low energy  l i m i t  o f  abou t IKeV.
The advent o f  sem iconductor d e t e c to r s  has r e s u l t e d  in  
c o n s id e ra b le  improvement over th e  gaseous and s c i n t i l l a t i o n  
d e t e c to r  in  many a r e a s .  Most sem iconductor d e t e c to r s  r e l y  on an 
io n iz in g  ev en t ta k in g  p la c e  in  th e  d e p le t io n  re g io n  o f  a p -n  
j u n c t i o n .  There a r e  b a s i c a l l y  th r e e  ty p es  o f  sem iconductor: 
th e  p -n  j u n c t io n ,  th e  l i th iu m  d r i f t e d  p -n  j u n c t io n ,  and th e  s u r fa c e  
b a r r i e r .  Each o f  th e s e  has a p a r t i c u l a r  u s e .  The p -n  ju n c t io n  and 
l i th iu m  d r i f t e d  p-n  ju n c t io n  a r e  used  f o r  b e ta  d e t e c t i o n ,  and th e  
l i t h iu m  d r i f t e d  p -n  ju n c t io n  may a lso  be used  f o r  gamma-ray 
s p e c tro m e try .
The p-n  ju n c t io n  d e t e c to r  i s  i l l u s t r a t e d  in  F ig u re  1 -2 .  The
d e t e c to r  i s  e s s e n t i a l l y  a r e v e rs e d  b ia se d  d io d e .  T h is  causes  the
d e p le t io n  re g io n  to  l i e  between 1 micron and 2000 m icrons , depending
on th e  r e s i s t i v i t y  o f  the m a te r ia l  and th e  amount o f  r e v e r s e  b i a s .
The 2000 m icrons (2 mm) d e p le t io n  re g io n  may be o b ta in e d  w ith
15K ohm-cm N type (o r  40K ohm-cm P type )  s i l i c o n ,  u s in g  a r e v e r s e  
1 ^b ia s  o f  lOOO v o l t s  ,  U n fo r tu n a te ly ,  as the  r e v e r s e  b ia s  i s  
in c re a s e d ,  so i s  the  n o i s e  le v e l  o f  th e  d e t e c to r .  At h ig h e r  
l e v e l s  o f  r e v e r s e  b i a s ,  the  leakage  (o r  r e v e r s e )  c u r r e n t  i s
increased. The motion of Chose charge carriers causes n o ise.
B i a s  Sou/tee { d c )
Figure 1-2 , The p-n Junction Detector
The n o is e  le v e l  l i m i t s  th e  s e n s i t i v e  ( d e p le t io n )  re g io n  to abou t 
1000 m i c r o n s , D e t e c t i o n  i s  accom plished as  r a d i a t i o n  impinges on 
th e  c r y s t a l  in  th e  s e n s i t i v e  r e g io n ,  cau s in g  i o n i z a t i o n .  The h igh  
b u i l t - i n  e l e c t r i c  f i e l d  o f  a r e v e r s e - b ia s e d  j u n c t io n  makes charge 
c o l l e c t i o n  r a p i d ,  so t h a t  recom bina t ion  n o is e  i s  red u ce d .  The p-n  
ju n c t io n  i s  formed u s in g  co n v en t io n a l  d i f f u s i o n  doping te c h n iq u e s .
The s u r f a c e  b a r r i e r  d e t e c to r  u t i l i z e s  th e  s u r f a c e  p r o p e r t i e s  
o f  a sem iconductor c r y s t a l  to  form a p -n  ju n c t i o n ,  which i s  then 
r e v e r s e  b ia se d  to  form a  l a r g e  d e p l e t io n  l a y e r .  The b a r r i e r  
ju n c t io n  i s  formed by vacuum d e p o s i t in g  a th i n  (2&) o f  go ld  on the  
s u r f a c e  o f  a p rep a red  ch ip  o f  s i l i c o n .  The s e n s i t i v e  th ic k n e s s  may 
reac h  2mm, T h is  l a r g e r  d e p le t io n  r e g io n  means th e  d e t e c to r  can be 
used  f o r  b e t a - p a r t i c l e s .
The l i th iu m  d r i f t e d  d e t e c to r  i s  a p -n  ju n c t io n  in to  which 
l i th iu m  ions  have been d i f f u s e d  in  o rd e r  to  compensate f o r  
im p u r i t i e s  in  th e  sem iconductor c r y s t a l  ( s i l i c o n  o r  germanium).
Using o li th ium d r i f t e d  semiconductor and normal p-n doping techniques,
a dotoctor  may bo obtained  with a d ep le t io n  region  up to 15-20 mm wide.
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Ttio d r i f t  process Is  exp la ined  by P e l l .  Duo to the la rg er  d ep le t io n  
re g io n ,  the l ith iu m  d r i f t e d  dotoctor may be used for  gamma rays and beta  
p a r t i c l e s .
The I n t r o d u c t io n  o f  sem iconductor  d e t e c t o r s  has  r e s u l t e d  in  an 
Improvement ov e r  gaseous and s c i n t i l l a t i o n  m ethods. The energy  r e s o l u ­
t i o n  i s  im proved, b u t  th e  low energy  l i m i t  i s  abou t O.AKeV. Another 
drawback i s  th e  poor gamma ra y  e f f i c i e n c y  o f  th e se  d e v ic e s ,  which a r i s e s  
because  o f  th e  sm all d e p le t io n  re g io n  o f  th e  p -n  diode ju n c t io n .  The
l i t h iu m  d r i f t e d  germanium d e t e c to r  has  improved th e  gamma ra y  re s p o n s e ,
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b u t  th e  low energy  c u t o f f  i s  abou t 6KeV f o r  gamma r a y s .  The l i th iu m  
d r i f t e d  germanium d e t e c to r  s u f f e r s  from h igh  background n o i s e ,  so much 
so t h a t  i t  must be coo led  in  o r d e r  to  o p e ra te  e f f e c t i v e l y .  The h igh  
background n o is e  r e s u l t s  from th e  therm al motion o f  c a r r i e r s  in  the  
germanium. This therm al motion has always been a  problem in  germanium.
S i l i c o n  l i t h iu m  d r i f t e d  d e t e c t o r s  have improved n o is e  c h a r a c t e r -
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i s t i e s ,  b u t  have a low energy  c u to f f  o f  IMeV f o r  gamma r a y s .  The im­
proved n o i s e  c h a r a c t e r i s t i c  a t  room te m p era tu re  o f  th e  s i l i c o n  d e t e c to r  
i s  a d i r e c t  r e s u l t  o f  th e  in h e r e n t ly  lower n o is e  c h a r a c t e r i s t i c s  o f  
s i l i c o n .  The c u t o f f  a r i s e s  because  a t  I MeV, th e  p a i r -p ro d u c t io n  
p ro c e s s  s to p s  and th e  p h o to e l e c t r i c  p ro c e s s  s t a r t s .  S ince  th e  p h o to e le c ­
t r i c  a b s o rp t io n  c o e f f i c i e n t  i s  r e l a t e d  to  th e  f i f t h  power o f  th e  atomic 
number o f  th e  a b s o rb e r ,  th e  c o e f f i c i e n t  i s  low f o r  s i l i c o n  a s  compared 
to  germanium. In  f a c t ,  th e  c o e f f i c i e n t  i s  app rox im ate ly  o n e - f o r t i e t h
th a t  o f  germanium*
Another d isad v a n ta g e  o f  the  sem iconductor d iode d e t e c to r  i s  
charge  c o l l e c t i o n ;  t h a t  i s ,  a l l  the  charge  caused  by th e  io n iz in g  e v e n t  
shou ld  be c o l l e c t e d .  The c o l l e c t i o n  o f  charge i s  co m p lica ted  by ion 
t r a p s  in  the  sem iconductor c r y s t a l ,  s t a t i s t i c a l  f l u c t u a t i o n s  in  the  
amount o f  c h a rg e ,  and p o s s ib le  poor ohmic c o n ta c t s  to  th e  bu lk  m a te r ia l*  
These f a c t o r s  cause  sp read in g  o f  the  o u tp u t  p u l s e ,  and th u s  lower the  
energy  r e s o l u t i o n  o f  th e  d e t e c t o r .
In  n u c l e a r  r a d i a t i o n  d isom etry  h igh  r e s o l u t i o n  i s  n o t  needed , bu t  
th e  energy  d e t e c t o r ^ u s t  be s e n s i t i v e  to  a l l  ty p e s  o f  r a d i a t i o n .  The 
b a s ic  l i m i t a t i o n s  in  s e n s i t i v i t y  o f  p a r t i c l e  d e t e c t o r s  app ly  to d o s im e te rs  
s in c e  a p a r t i c l e  d e t e c to r  i s  used  in  c o n ju n c t io n  w ith  a d o s im e te r .  That 
i s ,  a p a r t i c l e  d e t e c t o r  i s  u sed  to  coun t r a d i a t i o n  e v e n t s ,  and e l e c t r i c  
c i r c u i t s  a re  used  to  i n t e g r a t e  th e se  e v e n ts  o v e r  tim e to  a r a d i a t i o n  
d o se .  S ince  th e  low energy  c u to f f  o f  th e  b e s t  d e v ic e s  i s  approx im ate ly  
250eV, lower r a d i a t i o n  energy  would n o t  be "seen'* in  p r e s e n t  day d o s im e te rs .
The AC mode o f f e r s  e x c e p t io n a l  advan tages  in  t h a t  charge  ( io n  o r  
e l e c t r o n )  c o l l e c t i o n  i s  n o t  n e c e ssa ry  f o r  th e  d e t e c t o r  to  o p e r a t e .  Be­
cause  o f  t h i s  th e  AC mode o f f e r s  low n o is e  and h igh  r e s o l u t i o n  as  i t s  
p r o p e r t i e s .  The h ig h  r e s o l u t i o n  i s  due to th e  f a c t  t h a t  no time has  to 
e la p s e  f o r  charge c o l l e c t i o n  to  o c c u r ,  and o n ly  a few c y c le s  o f  the  AC 
f i e l d  a re  needed to  sen se  th e  change in  th e  complex d i e l e c t r i c  p ro p e r ty  
o f  the  d e t e c t o r ,  upon which th e  o p e ra t io n  o f  th e  d e t e c to r  i s  based .  Lower 
n o is e  i s  o b ta in e d  because  o f  th e  la c k  o f  need f o r  charge c o l l e c t i o n .
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Tho low n o is e  p ro p e r ty  o f  Che AC node could  bn used Co decoc t 
v e ry  low onorgy r a d i a t i o n  a t  very  low f lu x  raC os, This  would bo very  
advantageous in  tho h e a l th  p h y s ic s  f i e l d ,  and in  r a d io i s o to p e  t r a c e r  
te c h n iq u e s  in v o lv in g  l i v i n g  o rg an ism s,  (Tho h igh  r e s o l u t i o n  p ro p e r ty  
i s  n o t  u sed  in  t h i s  w ork .)
1 -3 ,  Background o f  P rev io u s  Work In  th e  AC Mode
The f i r s t  work u n dertaken  in  th e  AC mode r a d i a t i o n  d e t e c to r s
6
was done by B orisov  and Marinov, These r e s e a r c h e r s  used  a sim ple c i r ­
c u i t  arrangem ent in  which a cadmium s u l f i d e  c r y s t a l  was connected  in  
p a r a l l e l  w ith  the  tuned c i r c u i t  o f  an o s c i l l a t o r  r e s o n a t in g  a t  about 
one m egahertz .
Ourfiur
^  CJS
F ig u re  1 -3 ,  D e te c t io n  O s c i l l a t o r  o f  B orisov  & Marinov
O utpu t p u ls e s  were seen  through a low pass  f i l t e r  which e l im in a te d  th e  
o s c i l l a t o r  f req u en cy .  Thus, i f  r a d i a t i o n  Impinged on the  c r y s t a l ,  th e re  
would be a change in  the  c o n d u c t iv i ty  o f  th e  c r y s t a l ,  and an o u tp u t  
p u ls e  would appear a t  the  o u tp u t .  B orisov  and Marinov o b ta in e d  the
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onorgy spoccrum o f  a known alpha  so u rc e ,  w ith  good c o r r e l a t i o n  between 
tho r e s u l t s  o f  t h e i r  experim ent and th e  c a l i b r a t e d  so u rc e .
21Hoimbockor re p e a te d  tho  experim en ts  o f  B orisov  and Marinov, 
u s in g  CdS and a lp h a  p a r t i c l e s  from Americium 241, Heimbecker proved 
t h a t  t h i s  method o f  r a d i a t i o n  d e t e c t io n  was f e a s i b l e ,  b u t  he d id  n o t  ob ­
t a i n  th e  same b e a u t i f u l  r e s u l t s  o f  B orisov  and Marinov, This was p r im ar­
i l y  because o f  th e  la c k  o f  s ig n a l  p ro c e ss in g  equipm ent.
N e i th e r  o f  th e  experim ents  r e l i e d  upon charge c o l l e c t i o n  in  
o rd e r  to o b ta in  an in d i c a t i o n  o f  an io n iz in g  e v e n t .  However, due to  the  
low f r e q u e n c ie s  in v o lv e d ,  both  experim en ts  examined the  change in  c r y s t a l  
p r o p e r t i e s  due to  a s in g le  io n iz in g  e v e n t .  The c r y s t a l  would r e tu r n  to 
i t s  o r i g i n a l  s t a t e  a f t e r  the  io n ized  charge c a r r i e r s  recom bined. At 
h ig h e r  f r e q u e n c ie s  th e  r a d i a t i o n  would cause  a d e t e c t a b l e  change in  the  
complex d i e l e c t r i c  p r o p e r t i e s  o f  th e  c r y s t a l .  This i s  known as the 
p h o t o d i e l e c t r i c  e f f e c t ,
1 -4 ,  The p h o t o d i e l e c t r i c  E f fe c t
The p h o t o d i e l e c t r i c  e f f e c t  was f i r s t  in v e s t ig a t e d  by Arndt and 
H artw ig.^*^^  These r e s e a r c h e r s  found t h a t  when s i l i c o n  a t  4,2°K was ex­
posed to  l i g h t ,  change in  th e  complex d i e l e c t r i c  c o n s ta n t  o cc u rre d .  
F u rtherm ore ,  i t  was found th a t  t h i s  change was dynamic. That i s ,  as  the  
l i g h t  i n t e n s i t y  was changed, so d id  th e  complex d i e l e c t r i c  c o n s ta n t  
change. The l i g h t  sou rce  was a G-As sem iconductor l a s e r ,  whose i n t e n s i t y  
cou ld  be r e g u la te d  by th e  ap p l ie d  b ia s  v o l t a g e ,
a
In  th e  ex p er im en ta l  work u n d e r ta k e n ,  a c r y s t a l  o f  s i l i c o n  was
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p la ced  on Cho s tu b  o f  a 920 mogahortz r e - e n t r a n t  c a v i t y .  The c a v i ty  was 
load  p la to d  and coo led  to  4 .2°K , so t h a t  I t  became su p e rco n d u c t in g .
Tho r e s u l t i n g  high  q u a l i t y  f a c t o r  p rov ided  high  frequency  d e f i n i t i o n .  
This meant t h a t  any change in  th e  d i e l e c t r i c  p r o p e r t i e s  o f  the  s i l i c o n  
cou ld  e a s i l y  bo measured as  r e f l e c t e d  in  a f requency  change o f  the  cav­
i t y .  TliQ c a v i ty  was o p e ra te d  as  a t r a n s m is s io n  ty p e ,  and measurements 
were taken  o f  th e  change in  c a v i ty  re s o n a n t  f req u en cy  and t r a n s m i t t e d  
power. With th e se  m easurem ents, th e  n ec e ssa ry  in fo rm a tio n  on th e  d i ­
e l e c t r i c  change cou ld  be de te rm ined .
f i a e v î  Û P r iB ,
EZI
F ig u re  1 -4 .  The R e -e n t r a n t  C av ity
F u r th e r  work on th e  p h o t o d i e l e c t r i c  e f f e c t  was undertaken  by 
19 22Hinds and H artw ig , * In  t h i s  c a s e ,  aluminum doped cadmium s u l f i d e  
(CdS;Al) was p la ced  on the  s tu b  o f  an 830 megahertz superconduc ting  r e ­
e n t r a n t  c a v i t y ,  and l i g h t  was a llow ed to f a l l  on th e  c r y s t a l .  O p t i c a l ly  
induced e l e c t r o n s  were t r a n s f e r r e d  to th e  conduction  band in to  which the
e l e c t r o n s  would f a l l .  P rev io u s  work had shorn  t h a t  th e  l i f e t i m e  o f  the
22  • •e l e c t r o n  t r a p s  in  CdS;Al cou ld  be v e ry  lo n g .  In  a l l  c a se s  the  l i f e t i m e  
was found to  be o f  th e  o rd e r  o f  days , l-Jhen exp er im en ta l  work was done.
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long  l i f o c lm o s  woro found a t  4 .2°K . Tlüa t r a p p in g  moant t h a t  ovor a 
p e r io d  o f  tim e tho d i e l e c t r i c  p r o p e r t i e s  o f  tho c r y s t a l  would change 
due to tho  l i g h t  f a l l i n g  on the  c r y s t a l .  This  o f f e e t  on the  d i e l e c t r i c  
p r o p e r t i e s  can be c a l l e d  the  cum ula tive  p h o to d l o lo c t r i c  e f f e c t ,  and i t  
i s  t h i s  e f f e c t  which i s  h e r e in  i n v e s t ig a t e d  f o r  p o s s i b l e  use  a s  a 
n u c le a r  r a d i a t i o n  d e t e c t o r .
CHAPTER 11 
PHYSICAL DEVELOPMENT
2.1  R a d ia t io n
R a d ia t io n  i s  th e  spontaneous em ission  o f  p a r t i c l e s  o r  
energy  a t  a w e ll  d e f in e d  r a t e j ^  There a r e  many types  o f  r a d i ­
a t i o n ,  in c lu d in g  e l e c t r o n s ,  n e u t ro n s ,  p o s i t r o n s ,  th e  helium  
n u c le u s  (H++)* o r  th e  a lp h a  p a r t i c l e ,  a l l  o f  which a r e  p a r t i c l e s .  
O th e r  r a d i a t i o n  in c lu d e s  X -rays and gamma r a y s  which a r e  e l e c t r o ­
m agnetic  energy  and may be r e p re s e n te d  by ph o to n s .
R a d ia t io n  may be d iv id e d  in to  two ty p e s :  io n iz in g
r a d i a t i o n  and n o n - io n iz in g  r a d i a t i o n .  The most common forms o f  
io n iz in g  r a d i a t i o n  a re  a lp h a ,  b e t a  ( e l e c t r o n s ) ,  and gamma, which 
a r e  th e  th r e e  ty p e s  t h a t  concern  th e  h e a l th  p h y s i c i s t  th e  m ost.
An example o f  n o n - io n iz in g  r a d i a t i o n  i s  th e  n e u t ro n .  A ll  n u c le a r  
r a d i a t i o n  a r i s e s  from th e  r a d io a c t i v e  decay o f  e le m e n ts .
2 .2  R a d io ac t iv e  Decay
There a r e  many ty p e s  o f  r a d i o a c t i v e  decay : a lp h a ,  b e t a ,  
p o s i t r o n ,  e l e c t r o n  c a p t u r e ,  gamma em iss io n ,  and i n t e r n a l  con­
v e r s io n .  In  a lp h a  decay , th e  atom em its  a charged  helium  n u c le u s ,
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and changes to  a d i f f e r e n t  atom ( th e  d a u g h te r ) ,  as  d e s c r ib e d  by
ff fl-4
where Z i s  th e  atom ic number and A i s  th e  atomic w e igh t .  E i s  the  
e lem ent undergo ing  d i s i n t e g r a t i o n .  The r e s u l t i n g  spectrum  o f  the  
r a d i o a c t i v e  p a r t i c l e s  i s  m o n o -en e rg e t ic ,  o r  i t  can have a few 
m ono-energe tic  groups when th e  daugh te r  n u c l id e  can be l e f t  in  one 
o r  more e x c i t e d  s t a t e s .  There i s  a l o t  o f  energy in v o lv e d ,  s in c e  
the  energy  o f  th e  a lp h a  p a r t i c l e s  v a r i e s  between 1 ,5  and llMeV. 
However, th e  p a r t i c l e  has  a s h o r t  range  (up to  30 mm in  a i r , )
F ig u re  2 -1 .  The Energy Spectrum o f  the  Alpha P a r t i c l e
In  b e ta  decay ,  th e  atom em its  n e g a t iv e l y  charged e l e c t r o n s ,  
w ith  th e  r e s u l t  t h a t  th e  atom ic mass rem ains th e  same, b u t  the  
atomic number changes by p lu s  one .  At th e  same t im e , an a n t i -  
n e u t r in o  i s  e m i t t e d .
where Z, E , and A have p r e v io u s ly  been d e f in e d ,  p i s  a b e ta  
p a r t i c l e ,  and i s  an a n t i - n e u t r i n o .  The energy spec trum  i s  con tinuous 
and has  a maximum energy  which v a r i e s  from approx im ate ly  IKeV to  l5NeV,
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F ig u re  2 -2 ,  The Energy Spectrum o f  th e  Beta P a r t i c l e
In  p o s i t r o n  decay , th e  atom em its  p o s i t i v e l y  charged e l e c t r o n s .  
The r e s u l t a n t  energy spectrum  i s  s im i l a r  to  t h a t  o f  b e ta  decay. The atom­
ic  number o f  the  daugh te r  d i f f e r s  from th s  p a re n t  by minus o n e ,  and em its .
2
a n e u t r i n o ,  (Eg>2mc where Eg i s  th e  energy  l e v e l  d i f f e r e n c e , )
^  ^ - i - i )
where i s  a p o s i t i v e  b e ta  ( p o s i t r o n )  and n) i s  a n e u t r in o ,
A competing form o f  p o s i t r o n  decay i s  e l e c t r o n  c a p tu re ,  which 
i s  th e  c a p tu re  by th e  n u c le u s  o f  an o r b i t a l  e l e c t r o n  u s u a l ly  from the  
K - s h e l l ,  This i s  fo llow ed  by th e  em ission  o f  e i t h e r  one o r  more X -rays 
o r  an "Auger" e l e c t r o n ,  which i s  an e l e c t r o n i c  t r a n s i t i o n  in  an e x c i t e d  
atom r e l e a s in g  enough energy  f o r  th e  e j e c t i o n  o f  a lo o s e ly  bound e l e c ­
t r o n  w ith o u t  accompanying e le c t ro -m a g n e t i c  r a d i a t i o n ,
-, e   f  -i)
where e i s  an e l e c t r o n  (Eg<2mc^),
In  gamma r a d i a t i o n ,  a n u c le u s  goes from an e x c i te d  s t a t e  to a 
low energy s t a t e ,  o r  i t s  ground s t a t e .  S ince th e se  energy l e v e l s  
a r e  d i s c r e t e ,  th e  gamma spectrum  w i l l  a l so  be m onoenergetic .  Gamma 
r a d i a t i o n  u s u a l ly  accompaniesod , j3_ o r  decay and i s  em it te d  a lm ost
s im u l ta n e o u s ly .
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I n t e r n a l  conv ers io n  se rv o s  a s  an a l t e r n a t i v e  to gamma ©mission.
In  t h i s  p ro c e s s ,  th e re  i s  an i n t e r a c t i o n  o f  the  n u c le a r  f i e l d  w ith  one o f  
tho o r b i t e d  e l e c t r o n s .  This r e s u l t s  in  the  em ission  o f  a s e r i e s  o f  mono- 
e n e r g e t i c  e l e c t r o n s ,  whose energy w i l l  be th e  d i f f e r e n c e  between th e  e n e r ­
gy l e v e l s  o f  tho n u c le u s  and th e  b ind ing  energy  o f  the  e l e c t r o n .  This p ro ­
c e s s  i s  accompanied by X -rays  as  th e  o r b i t a l  e l e c t r o n s  s h i f t  energy  l e v e l s .
2 .3  I n t e r a c t i o n  o f  Io n iz in g  R a d ia t io n  With M atte r
This d i s c u s s io n  i s  concerned w ith  th r e e  types  o f  io n iz in g  r a d i a ­
t i o n :  a lp h a ,  b e t a ,  and gamma. In  th e  case o f  the  a lp h a  p a r t i c l e ,  the
energy l o s s  mechanism i s  p r im a r i ly  by i n t e r a c t i o n s  w ith  th e  o r b i t a l  e l e c ­
t r o n s ,  r e s u l t i n g  in  decom position , e x c i t a t i o n ,  o r  io n i z a t i o n  o f  th e  atoms, 
io n s ,  o r  m olecu les  o f  the  r a d ia te d  m a te r ia l . .  As the  p a r t i c l e  slows down 
and a t t a i n s  the  same v e l o c i t y  as th e  K -sh e ll  e l e c t r o n s ,  th e  p a r t i c l e  may 
p ic k  up (and perhaps lo s e  aga in )  e l e c t r o n s  from the  abso rb ing  m a t e r i a l .
At low v e l o c i t i e s ,  th e  energy  lo s s  i s  by e l a s t i c  c o l l i s i o n s .  An i n t e r ­
e s t i n g  p o in t  i s  t h a t  a t  h igh  v e l o c i t i e s ,  the  s p e c i f i c  io n i z a t i o n  o f  the  
a lp h a  p a r t i c l e  i s  low because o f  the  small i n t e r a c t i o n  t im e ,  and a t  lower 
v e l o c i t i e s ,  th e  s p e c i f i c  io n i z a t i o n  i s  h ig h .  This means t h a t  th e  a lp h a  
p a r t i c l e  w i l l  l o s e  energy  c o n s ta n t ly  u n t i l  th e  p a r t i c l e  slows to  a p o in t  
where i t s  i n t e r a c t i o n  c r o s s - s e c t io n  in c re a s e s  s h a rp ly .  At t h i s  p o in t  the  
p a r t i c l e  w i l l  g iv e  up i t s  rem ain ing  energy r a p i d l y .  This i s  i l l u s t r a t e d  
by F ig u re  2-3 on th e  fo llo w in g  page.
F u rthe rm ore ,  i f  measurements o f  the  number o f  a lpha  p a r t i c l e s  
v e rsu s  d i s ta n c e  in  a m a te r ia l  a re  p l o t t e d ,  a ran g e  c u rv e ,  such as 
F igu re  2 -4  (see  fo l lo w in g  page) r e s u l t s .
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F ig u re  2 -3 .  I o n iz a t io n  as  a f u n c t io n  o f  
th e  d i s t a n c e  a th i n  i o n i z a t i o n  chamber i s  
p la c e d  from a so u rc e .  While th e  range  o f  
Po“  ^ a lp h a  n a r t i d e s  i s  much g r e a t e r  than  
t h a t  o f  Po 1 a lpha  p a r t i c l e s ,  the  shape 
o f  th e  cu rv es  i s  v e ry  n e a r l y  th e  same.
The i o n i z a t i o n  produced by a s in g l e  a lp h a  
p a r t i c l e  pe r  u n i t  l e n g th  o f  le n g th  
c r e a s e s  as  th e  o a r t i c l e  slows down.
F ig u re  2 -4 ,  Pure Alpha A bsorp tion  Curve
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T his  curve  i n d i c a t e s  t h a t  i f  the  m a te r i a l  o f  th e  ab so rb e r  i s  th ic k
enough, none of th e  a lpha  p a r t i c l e s  w i l l  f u l l y  p e n e t r a te  the
a b s o rb e r .  However, i f  th e  ab so rber  i s  s l i g h t l y  th in n e r  than  the
mean r a n g e ,  e s s e n t i a l l y  a l l  o f  th e  p a r t i c l e s  w i l l  p e n e t r a t e  i t .
An approx im ate  eq u a t io n  f o r  th e  range  o f  a lp h a  p a r t i c l e s  i s  g iven  
.24by
R ■ k '  Mv^
where k i s  a c o n s ta n t  o f  p r o p o r t i o n a l i t y ,  M i s  th e  mass o f  the  
charge  p a r t i c l e  ( i n  t h i s  case  M i s  the  mass o f  th e  a lp h a  p a r t i c l e  
4amu o r  3278 ,l7 lM eV /c^ ) , v  i s  the  v e l o c i t y  o f  th e  p a r t i c l e ,  and Z 
i s  th e  a tom ic number o f  th e  a b s o rb e r .
In  the  c a s e  o f  b e ta  p a r t i c l e s ,  the  p ro c e s s  r e s p o n s ib le  f o r  
energy  l o s s  i s  q u a l i t a t i v e l y  th e  same a s  f o r  a lp h a  p a r t i c l e s .  There 
a r e ,  however, th e  fo llo w in g  im p o rtan t  d i f f e r e n c e s .  F i r s t ,  the  
s p e c i f i c  i o n i z a t i o n  i s  much l e s s  because  o f  th e  s m a l le r  charge  o f  th e  
b e ta  p a r t i c l e s ,  i . e .  th e  i n t e r a c t i o n  c ro s s  s e c t i o n  i s  s m a l le r ;  th u s  
th e r e  a re  few er io n  p a i r s  g e n e ra te d  p e r  u n i t  p a th  le n g th .  Second, 
an e l e c t r o n  may lo s e  up to  h a l f  i t s  energy  in  a s i n g l e  c o l l i s i o n .  
T h i rd ,  t h e r e  i s  pronounced s c a t t e r i n g  o f  th e  beam. F o u r th ,  an 
e l e c t r o n  may be a c c e le r a te d  in  the  f i e l d  o f  a n u c leu s  w ith  the  
em ission  o f  b rem ss trah lu n g  ( e le c t ro m a g n e t ic  r a d i a t i o n )  which i s  an 
im p o rtan t  e f f e c t  a t  h igh  e l e c t r o n  v e l o c i t i e s  and h ig h  absorber 
atom ic number. F i f t h  and f i n a l l y ,  s in c e  b e t a  p a r t i c l e s  a re  em it ted  
in  a c o n t in u o u s  energy  spectrum , th e  b e ta  p a r t i c l e s  a re  absorbed
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a t  an a lm ost e x p o n e n t ia l  r a t e .
F ig u re  2 -5 .  I d e a l i z e d  Pure Beta A bsorp tion  Curve
The range  cu rve  o f  F ig u re  2-5 shows t h a t  b e ta  p a r t i c l e s  a re  
absorbed  a t  an e x p o n e n t ia l  r a t e .  For e l e c t r o n s  w ith  energy  up to 
lOMeV, th e  dominant mode o f  energy lo s s  i s  the  same a s  t h a t  f o r  
a lp h a  p a r t i c l e s .  An approxim ate range  eq u a t io n  i s  g iv en  by
raT
B
where Z i s  th e  atom ic number o f  the  a b s o rb e r ,  N i s  th e  number o f
ab so rb e r  atoms p e r  cm^, v i s  th e  v e l o c i ty  o f  th e  b e ta  p a r t i c l e ,  &
i s  th e  charge  o f  an e l e c t r o n ,  m i s  the  mass, and B i s  th e  s topp ing
13number g iven  by a form ula  due to B ethe.
B “  ln(0.583m v% )/l
where I  i s  th e  mean io n i z a t i o n  p o t e n t i a l  o f  th e  ab so rbe r  atoms, v  i s
th e  v e l o c i t y ,  and m i s  th e  mass o f  the  b e ta  p a r t i c l e .  At h ig h e r
34
e n e r g i e s ,  th e  form ula  f o r  B g iven  by M ulle r  shou ld  be used* At
e n e rg ie s  above lOMeV, th e  b rem ss trah lung  mechanism i s  more im portan t
2 13and the  energy  l o s s  i s  p r o p o r t io n a l  to Z NEp, where E .^ i s  the  energy
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o f  th e  b e t a  p a r t i c l e  and N i s  the  number o f  p a r t i c l e s .
A gamma beam lo s e s  i n t e n s i t y  a s  i t  p a s se s  through m a t te r  by 
e l a s t i c  s c a t t e r i n g  of th e  pho tons , by the  p h o to e l e c t r i c  e f f e c t ,  
the  Compton e f f e c t ,  p a i r  p ro d u c t io n ,  n u c le a r  a b s o r p t io n ,  and o th e r  
p ro c e s s e s  t h a t  do n o t  s t a r t  u n t i l  v e ry  h igh  e n e r g i e s  a re  
re a c h e d .  The l a s t  c l a s s  w i l l  n o t  be d is c u s s e d .  Each o f  th e  
p ro c e s s e s  i s  im p o rtan t  in  a p a r t i c u l a r  energy range  f o r  a g iven  
a b s o rb e r ,  th e  energy  range  in c re a s in g  rough ly  as  th e  o rd e r  given 
above. Because o f  th e s e  e f f e c t s ,  gamma r a y s  a r e  a t t e n u a te d  w ith  an 
e x p o n e n t ia l  r e l a t i o n s h i p  as  they p ass  through an a b so rb e r .
F ig u re  2 -6 .  Pure Gamma A bsorp tion  Curve
Gamma ra y s  may be s c a t t e r e d  e l a s t i c a l l y  by n u c le i  (Thompson 
s c a t t e r )  o r  by a tom ic e l e c t r o n s  (R ayleigh  s c a t t e r ) .  Thompson 
s c a t t e r i n g  i s  q u i t e  n e g l i g i b l e  ex ce p t  in  th e  c a s e  o f  resonance  
s c a t t e r i n g ,  which ta k e s  p la c e  in  very  s p e c ia l  c a se s  and i s  g e n e ra l ly  
n o t  im p o r ta n t .  R ay le igh  s c a t t e r i n g  i s  a p p r e c ia b le ,  b u t  small 
compared to  th e  t o t a l  a t t e n u a t io n  o f  th e  i n t e n s i t y .  The s c a t t e r i n g  
an g le  i s  s m a l l ,  w ith  th e  r e s u l t  t h a t  th e  s c a t t e r e d  photons w i l l  s t i l l
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p e n e t r a t e  th e  ab s o rb e r .  F u rtherm ore ,  t h i s  e f f e c t  tends  to f a l l  o f f  
as  th e  energy  o f  th e  photon in c r e a s e s .  The e f f e c t  i s  approx im ate ly  
p ro p o r t io n a l  to  Z/E, where E i s  th e  energy  o f  the  gamma photon .
In  th e  p h o t o e l e c t r i c  e f f e c t ,  th e  gamma r a y  g iv e s  up a l l  i t s
energy  to  th e  atom. The energy  g iven  to  th e  ion i s  s m a l l ,  and th e
bound e l e c t r o n  o f  the  atom may be co n s id e re d  to  have r e c e iv e d  the
t o t a l  energy o f  th e  gamma r a y  (o r  p h o to n ) .  The e x c i t e d  e l e c t r o n
now has  a k i n e t i c  energy g iven  by E -  Eg, where Eg i s  th e  b in d in g
energy  o f  th e  e l e c t r o n  to  th e  atom. This e f f e c t  i s  most im p o rtan t
a t  low e n e r g i e s  (Ey<0.5MeV) and h igh  atomic number a b s o rb e r s .  The
5 7/2e f f e c t  i s  app rox im ate ly  p ro p o r t io n a l  to  Z/E  , f o r  E y < 0 .5 M eV .
Compton s c a t t e r i n g  i s  th e  i n e l a s t i c  c o l l i s i o n  o f  a photon 
w ith  o r b i t a l  e l e c t r o n s  (o r  any f r e e  e l e c t r o n s ) .  In  t h i s  e v e n t ,  
tn e  pnocon lo s e s  energy  and i s  s c a t t e r e d  as  a photon o f  lower f r e ­
quency, and th e  e l e c t r o n  r e c o i l s  w ith  an energy  equal to  t h a t  l o s t  
by th e  pho ton .  This  e f f e c t  i s  most im p o r tan t  a t  medium e n e rg ie s
o f  th e  gamma ra y  (0 .5 < E y < 1 .5MeV).
P a i r  p ro d u c t io n  does n o t  s t a r t  u n t i l  th e  energy o f  th e  gamma
r a y  exceeds 1.02MeV?^ In t h i s  e f f e c t ,  th e  gamma photon i n t e r a c t s
w ith  the  n u c l e a r  f i e l d ,  forming a p o s i t i v e  and n e g a t iv e  e l e c t r o n  
p a i r  as  p e r  the  fo l lo w in g  e q u a t io n .
E =  hî^Q =  2m (jC^ +  S p -  +  E p+ 
where 2moc2 i s  tw ice  th e  r e s t  m ass-energy o f  an e l e c t r o n ,  
and Ep- and a re  th e  k in e t ic  e n e rg ie s  o f  th e  e l e c t r o n  and p o s i t r o n
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r o s p f ic t lVGly, Vary o f t e n ,  tho p o s i t r o n  and th e  e l e c t r o n  w i l l  
cause  secondary  io n i z a t i o n  In tho m a t e r i a l .  At therm al e n e r g i e s ,  
the  p o s i t r o n  w i l l  combine w ith  th e  e l e c t r o n  and undergo a n n i h i l a t i o n ,  
r e l e a s i n g  two gamma ra y s  of energy O.SlKeV eac h .
F i n a l l y ,  In  p h o to n u c lea r  r e a c t i o n s ,  th e  gamma photon 
r e a c t s  w ith  the n u c le u s ;  b u t  in  t h i s  case  th e  e n e r g i e s  invo lved  
a re  small because  o f  th e  small i n t e r a c t i o n  c r o s s - s e c t i o n ,  and 
a t t e n u a t io n  o f  th e  beam i s  n e g l i g i b l e .
In  a l l  th e  p r o c e s s e s ,  the  number o f  pho tons abso rbed , 
in  a th ic k n e s s  dx o f  an a b s o rb e r ,  i s  p ro p o r t io n a l  to  dx and to the  
i n t e n s i t y  o f  th e  beam a t  t h a t  p o in t .  This l e a d s  to the e x p re s s io n
I = I
o
in  which th e  beam i n t e n s i t y  I ,  a f t e r  p a s s in g  th rough  a th ic k n e s s  X 
o f  a b s o rb e r ,  i s  r e l a t e d  to the  i n i t i a l  i n t e n s i t y  by th e  abso rp ­
t i o n  c o e f f i c i e n t  u .  This c o e f f i c i e n t  may be su b d iv id e d  in to
"  “  "photo  "compt " p a i r
where each o f  th e se  c o e f f i c i e n t s  owes i t s  e x i s t e n c e  to the  
e f f e c t s  a l r e a d y  d e s c r ib e d .  F ig u re  2-7 i l l u s t r a t e s  how th e  ab so rp ­
t i o n  c o e f f i c i e n t  v a r i e s  w ith  photon energy .
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F ig u re  2 -7 .  A bso rp t ion  c r o s s  s e c t io n s  p e r  atom o f  le a d  as 
a fu n c t io n  o f  i n c id e n t  photon energy . The s o l i d  curve i s  
th e  t o t a l  a b s o rp t io n  c r o s s - s e c t io n  pe r  atom f o r  a l l  th re e  
p ro c e s s e s  combined.^4
2 .4  The C ry s ta l  S t r u c t u r e  o f  Cadmium S u lf id e
Cadmium s u l f i d e  may c r y s t a l l i z e  in to  one o f  two fo rm s, th e  
z in c b le n d e  s t r u c t u r e  o r  th e  w u r tz i t e  s t r u c t u r e .  Both of the  
s t r u c t u r e s  a re  shown in  F ig u re s  2-8 and 2 -9 . In  th e  z in cb len d e  
s t r u c t u r e ,  each atom i s  surrounded  by fo u r  n e a r e s t  ne ighbor atoms 
o f  th e  o th e r  k in d ,  which a r e  lo c a te d  a t  the  v e r t i c e s  o f  a t e t r a h e d ro n .  
In  th e  su b la t t iC Q  o f  atoms o f  th e  same k in d ,  th e re  a r e  twelve 
n e a r e s t  n e ig h b o rs .  S ix  a r e  lo c a te d  a t  th e  v e r t i c e s  o f  a hexagon 
su rro u n d in g  th e  io n iz e d  atom; th re e  more a re  above; and th r e e  more 
a re  below -  a l l  o f  which a r e  lo c a te d  a t  the  c o rn e rs  o f  a t e t r a h e d r o n .  
There i s  no c e n te r  o f  symmetry o r  in v e rs io n  because  o f  t h i s
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arrangem en t.  The CdS l a y e r s  have un ique  o r i e n t a t i o n s .  Z incb lende  
c r y s t a l s  o f  CdS a r e  p o l a r ,  and opposed f a c e s  and opposed d i r e c t i o n s  
u s u a l l y  have d i f f e r e n t  p h y s ic a l  and chemical p r o p e r t i e s .
In  th e  w u r tz i t e  s t r u c t u r e ,  each cadmium atom i s  bonded to 
fo u r  su lp h u r  atom s, lo c a te d  app rox im ate ly  a t  th e  c o rn e rs  o f  a 
t e t r a h e d r o n .  However, th ey  do n o t  have the  same s p ac in g .  The 
tw elve n e x t  n e a r e s t  n e ig h b o rs  a re  a rran g ed  a s  in  th e  z in cb len d e  
s t r u c t u r e .  This s t r u c t u r e  may bo viewed as  two i n t e r l a c e d  hexa­
gonal c lo se -p a c k e d  l a t t i c e s .  The w u r t z i t e  s t r u c t u r e ,  l i k e  the  
z in c b le n d e  s t r u c t u r e ,  has no c e n te r  o f  symmetry o r  in v e r s io n .
E i th e r  form o f  th e  c r y s t a l  may be p re p a re d ,  depending on th e  methods 
u se d .  The z in c b le n d e  w i l l  r e v e r t  to  the  w u r tz i t e  s t r u c t u r e  when 
h e a ted  above 100°C, the  w u r tz i t e  form be ing  th e  s t a b l e  form to 
900°C.
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F ig u re  2 -3 .  The Z incb lende  S t ru c tu re
Due to  th e  type o f  c r y s t a l  s t r u c t u r e ,  many o f  the  p h y s ic a l  
p r o p e r t i e s  o f  cadmium s u l f i d e  depend on th e  c r y s t a l  o r i e n t a t i o n .
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Tho p ro p o r t io s  of g ro a c o s t  concnrn in  t h i s  s tudy  w i l l  ho tho d i o l o c t r l c  
c o n s ta n t ,  tho  onorgy bonds, and tho r a d i a t i o n  a b s o rp t io n  c o o f f i c io n t .
0 ^
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F ig u re  2 -9 .  The W u rtz i te  S t ru c tu r e  
2 ,5  Energy Hand S t r u c tu r e  o f  Cadmium S u lf id e
The energy  band s t r u c t u r e  o f  cadmium s u l f i d e  has been
s tu d ie d  by a number o f  o b s e r v e r s ,  À f a i r l y  com plete p i c t u r e  may be
10found in  a paper by Cardona and Harbcke. In  t h e i r  d i s s e r t a t i o n ,
on ly  th e  energy gap between th e  valence band and th e  conduction  band
i s  o f  i n t e r e s t .  Data taken  by v a r io u s  o b s e rv e r s  o f  the  band gap
12,29
energy  r e s u l t  in  the  p l o t  o f  E v e rsu s  T in  F ig u re  2 -10 . Cardona
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and Harbeke g ive  Eg « 2.53eV a t  300°K, and H opfie ld  and Thomas g ive  
Eg « 2.5826eV a t  A,20K.
The energy l e v e l s  t h a t  appear in  the  band gap o f  cadmium
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s u l f i d e  a re  w ell known, a l th o u g h  th e  o n ly  l e v e l s  t h a t  can be p r e ­
d ic te d  w ith  any degree  o f  accuracy  a re  the  donor l e v e l s  duo to  
group I I I  o r  VII im p u r i t i e s  and th o s e  duo to cadmium v a c a n c ie s .  
Now, s in c e  th e  band gap energy  v a r i e s  w ith  te m p e ra tu re ,  i t  can be 
assumed t h a t  th e  energy l e v e l s  in  th e  band gap w i l l  a l so  vary  w ith
te m p era tu re .29
^60 300/oo
F ig u re  2 -10 .  Temperature Dependence o f  the  Bandgap Energy
The energy  s t a t e s  between the va lence  band and the  
conduc tion  band may be d iv id e d  in to  two c a te g o r ie s :  t r a p s  and
recom bination  c e n t e r s ,  A c e n te r  i s  c l a s s i f i e d  as a recom bina tion  
c e n te r  i f ,  on th e  ave rag e ,  c a r r i e r s  cap tu red  th e re  have a h ig h e r  
p r o b a b i l i t y  o f  recom bin ing , then being  r e - e x c i t e d .  A c e n te r  i s  
c l a s s i f i e d  as a t r a p  i f  the  r e - e x c i t a t i o n  p r o b a b i l i t y  i s  g r e a t e r .  
These terms a re  d e f in ed  a t  room tem p era tu re  (300®K) and become 
somewhat vague a t  4.2^K o r  low er.  At low tem p era tu res  th e re  i s  
ve ry  l i t t l e  therm al en e rg y ,  and consequen tly  the  p r o b a b i l i t i e s  o f  
b o th  recom bina tion  o r  r e - e x c i t a t i o n  once an e le c t r o n  i s  in  a c e n te r
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i s  g r e a t l y  red u ce d .  Thus f o r  th e  p r e s e n t  p u rp o se ,  a c e n t e r  w i l l  
be c a l l e d  a t r a p  i f  th e  c e n te r  tends  to c a p tu re  and ho ld  a c a r r i e r  
f o r  a long  tim e compared to  the  time i t  spends in  th e  conduction  
band.
In  sem iconductors  and i n s u l a t o r s ,  t r a p s  and reco m b in a t io n  
c e n t e r s  a re  th e  r e s u l t s  o f  Im p e rfe c t io n s  in  c r y s t a l  l a t t i c e .  There 
a re  many ty p e s  o f  im p e r fe c t io n s :  two o f  th e  most common ones  a re
f o r e ig n  atom im p u r i t i e s ,  as  i n t e n t i o n a l  o r  u n in t e n t i o n a l  dop ing , 
and c r y s t a l  l a t t i c e  d e f e c t s .  F ree  c a r r i e r s  and therm al motion may 
a l s o  be termed im p e r f e c t io n s ,  bu t  th e s e  do n o t  c o n t r i b u te  permanent 
d i s c r e t e  l e v e l s  in  th e  fo rb id d en  band.
No s i n g l e  c r y s t a l  i s  p e r f e c t ,  s in c e  th e  s u r f a c e  i t s e l f  i s
a d e p a r tu re  from the  p e r f e c t  c r y s t a l l i n e  s t r u c t u r e .  O ther
im p e r f e c t io n s ,  a lm ost g u a ran teed  i n  a c r y s t a l ,  a r e  edge and screw
d i s l o c a t i o n s ,  which in v o lv e  p la n es  o f  atoms, S cho ttky  d e f e c t s  which
in v o lv e  d i s c r e t e  atoms o r  i o n s ,  F renke l d e f e c t s ,  v a c a n c ie s ,  and
i n t e r s t i t i a l s .  The methods by which th e s e  d e f e c t s  a re  g e n e ra te d  i s
44ex p la in e d  in  most s o l i d  s t a t e  p h y s ic s  t e x t s .  O ther d e f e c t s  a re
26d is c u s s e d  in  K i t t e l .  Thus in  nom ina lly  pu re  cadmium s u l f i d e  
th e r e  w i l l  always be energy  l e v e l s  in  th e  fo rb id d en  band,
g
According to Bube, an ion  ( s u l f u r )  v a c a n c ie s  a c t  as  donors ,  
and c a t i o n  (cadmium) v a c a n c ie s  a c t  as  a c c e p to r s .  I t  i s  f a i r l y  easy  
to  a d j u s t  th e  s to ic h io m e try  o f  CdS c r y s ta l s , ^ ^  Moods^^found t h a t  
ex cess  cadmium may be ach ieved  (removal o f  s u l f u r )  by h e a t in g  a
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12c r y o ta l  i n  vacuum up to 700°C* Colbow anoalod  c r y s t a l s  f o r  
24 hours  a t  539°C undor e q u i l ib r iu m  cadmium vapor p r e s s u r e .
G e n e ra l ly ,  a c c e p to r  s i t e s  a re  common in  most cadmium
s u l f i d e  c r y s t a l s .  However, donor s i t e s  depend f o r  th e  most p a r t
on doping . A g r e a t  amount o f  s p e c u la t io n  i s  invo lved  in  a s s ig n in g
energy  l e v e l s  to v a r io u s  im p e r fe c t io n s ;  f o r  in s t a n c e ,  th e  le v e l  due
to  s i l v e r  doping c laim ed by Lambe^^ to be abou t 0,4eV i s  d is p u te d ,
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Bube s t a t e s  t h a t  t r a p s  w ith  a l e v e l  o f  0.4eV a re  c h a r a c t e r i s t i c  o f
th e  cadmium s u l f i d e  c r y s t a l .  However, i t  i s  g e n e r a l ly  agreed  th a t
cadmium v a c a n c ie s  g e n e ra te  h o le  t r a p s  abou t l.OeV above th e  va lence
band, and I I I  and VII im p u r i t i e s  g e n e ra te  donor l e v e l s  a t
2
a p p ro x im a te ly  0.03eV below th e  conduc tion  band. O ther  im p u r ity  
e f f e c t s  i n  cadmium s u l f i d e  in v o lv e  v a r io u s  s u b s ta n c e s  absorbed on 
th e  s u r f a c e ,  such as  oxygen and w ater  v ap o r .
2 ,6  S e n s i t i z a t i o n  o f  Cadmium S u lf id e
Cadmium s u l f i d e  i s  a good pho tode t e c t o r  because i t  may be
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s e n s i t i z e d  by im p u r i ty  in c o rp o r a t io n .  Rose d i s c u s s e s  th e  methods 
o f  s e n s i t i z a t i o n ,  and i t  in v o lv es  the  concep t o f  compensated cadmium 
v a c a n c ie s ,  which a re  cadmium vaca n c ie s  c o n ta in in g  one o r  two cap tu red  
e l e c t r o n s .  Assume t h a t  th e r e  e x i s t s  a c r y s t a l  w ith  e l e c t r o n  t r a p s  
a t  a l e v e l  as  shown in  F ig u re  2 - l l a .  Also assume t h a t  the  
s i t e s  a re  p a r t i a l l y  f i l l e d  w ith  e l e c t r o n s .
30
U o t^  TTt^fiS .}
( a )  <b) (c )
F ig u re  2 -11 .  Band S t r u c tu r e  f o r  S e n s i t i z a t i o n
Now a llow  a number o f  compensated v a c a n c ie s  to be in t ro d u c e d .  Since 
each vacancy has  two c a p tu re d  e l e c t r o n s ,  i t  has a double  n e g a t iv e  
charge  due to  th e  absence  o f  th e  0^++ io n .  T h is  r e s u l t s  in  an 
energy  l e v e l  above the  v a len ce  band, which i s  i l l u s t r a t e d  in
F ig u re  2 - l l b .  Leaving th e  energy  l e v e l s  in  t h i s  s t a t e ,  assume t h a t
r a d i a t i o n  energy  f a l l s  on t h e - c r y s t a l ;  the  energy  ta k e s  e l e c t r o n s  
from the  v a len ce  band to  th e  conduc tion  band. Under normal 
c i rc u m s ta n c e s ,  th e  e l e c t r o n s  would s u f f e r  reco m b in a t io n  a t  one o f  
th e  c e n t e r s  lo c a te d  in  the  fo rb id d e n  band. Due to  the  n a tu re  o f  
th e  cadmium v a c a n c ie s ,  which w i l l  be c a l l e d  quenching s i t e s ,  the  
ex p ec ted  re co m b in a t io n  does n o t  o c c u r .  In  f a c t ,  th e  quenching 
s i t e s  have a l a r g e  c a p tu re  c r o s s - s e c t i o n  fo r  h o l e s ,  s in c e  they 
them selves  have a l re a d y  c a p tu red  two e l e c t r o n s .  Thus, they  w i l l
im m ediately  c a p tu re  th e  h o le  c re a te d  by th e  r a d i a t i o n  e v e n t .  This
now red u ce s  th e  charge a t  th e  s i t e  to  minus one .  This means th a t  
th e  e l e c t r o n  fo rm e r ly  in  the  quenching s i t e  i s  now lo c a te d  in  the
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v a len ce  band, w h ile  the  e l e c t r o n  fo rm erly  In the  v a le n c e  band i s  now 
in  the  conduction  band, whore i t  drops in to  tho t r a p s  J u s t  below the  
conduction  band. F urtherm ore , th e  quenching s i t e  i s  s t i l l  
n e g a t iv e ly  ch a rg e d ,  le a v in g  the  c a p tu re  c r o s s - s e c t io n  f o r  e l e c t r o n s  
q u i t e  s m a l l .  Thus the  f r e e  e l e c t r o n  tends  to be cap tu re d  a t  tho 
a c t i v a t i o n  s i t e ,  which i s  i l l u s t r a t e d  in  F ig u re  2 - l l c .  N otice  t h a t  
the  n e t  e f f e c t  o f  th e  r a d i a t i o n  i s  to  t r a n s f e r ,  i r r e v e r s a b l y ,  e l e c t r o n s  
from the  quench s i t e  to  th e  a c t iv a t io n  l e v e l .
This  model i s  co n s id e re d  to  be th e  c o r r e c t  model fo r  
s e n s i t i z e d  cadmium s u l f i d e .  The a c t i v a t o r  e lem en t ,  in  tho case  o f  
t h i s  work, i s  aluminum (CdS:Al) which p ro v id es  e l e c t r o n  t r a p s  
lo c a te d  c lo s e  to  the  conduction  band. As ex p la in e d  e a r l i e r ,  th e r e  
a re  always a number o f  t r a p p in g  l e v e l s  even w ith o u t  i n t e n t i o n a l  
dop ing . F u rtherm ore ,  i t  should be e v id e n t  t h a t  th e  p resen ce  o f  
th e  conduction  o r  va len ce  bands i s  n o t  r e q u i r e d ,  s in c e  i t  i s  
p o s s ib le  to  t r a n s f e r  e l e c t r o n s  d i r e c t l y  between th e  quench and 
a c t i v a t o r  l e v e l s ,  i f  th e  l e v e l s  a re  p h y s ic a l ly  lo c a te d  c lo s e  to 
each o t h e r .
I n v e s t i g a t i o n s  concerned  w ith  the  s e n z i t i z a t i o n  o f  cadmium 
s u l f i d e  have c e n te re d  on th e  e f f e c t s  o f  l i g h t  on th e  c o n d u c t iv i ty .
With t h i s  in  mind, and a lso  the  model d is c u s s e d ,  c o n s id e r  a 
s p e c ia l  case  o f  doping in  which Nq>j>Ng, i . e . ,  th e re  a re  fewer 
a c t i v a t o r  l e v e l s  than  quenching l e v e l s .  As soon a s  l i g h t  f a l l s  
on th e  c r y s t a l  (n o te  how e a s i l y  t h i s  may be a p p l ie d  to  r a d i a t i o n ) .
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o lo c c ro n -h o lo  p a i r s  a r e  croaCod. Tho h o le s  a re  im m ediately  
c rapped , and Che e l e c t r o n s  beg in  f i l l i n g  tho  t r a p  lo c a te d  a t  the  
a c t i v a t o r  l e v e l .  These t r a p s  w i l l  e v e n tu a l ly  become f u l l ,  and tho 
e l e c t r o n s  w i l l  beg in  to f i l l  th e  conducto r  band, s in c e  th e  h o le s
a r e  s t i l l  be ing  trap p ed  a t  the  quenching s i t e .  I f  no recom bina t ion
i s  assumed, a l a r g e  d e n s i ty  o f  e l e c t r o n s  can be h e ld  in  th e  con­
d u c t io n  band. F i n a l l y ,  a f t e r  the quenching s i t e s  a re  f i l l e d ,  the  
h o le s  would then  be a v a i l a b l e  f o r  reco m b in a t io n ,  and no more 
e l e c t r o n s  would be h e ld  in  th e  conduction  band. This  p rocedu re  can be
r e p re s e n te d  g r a p h ic a l l y  by th e  p l o t  o f  F ig u re  2-12 , which assumes
c o n s ta n t  in c id e n t  ene rgy .
F ig u re  2 -12 . P h o to c o n d u c t iv i ty
The f i r s t  p o r t i o n  r e p r e s e n t s  th e  time t h a t  th e  h o le  and 
e l e c t r o n  t r a p s  a re  be ing  f i l l e d .  During t h i s  t im e ,  no a p p re c ia b le  
change in  th e  number o f  f r e e  e l e c t r o n s  can be ex p ec ted .  At time tg  
th e  e l e c t r o n  t r a p s  w i l l  be f i l l e d ,  and th e  e l e c t r o n s  w i l l  now s t a r t  
to  f i l l  th e  conduc tion  band. At time tg  th e  h o le  t r a p s  w i l l  have 
been f i l l e d ,  and recom bina t ion  o f  th e  e l e c t r o n - h o l e  p a i r s  w i l l  beg in . 
Thus, th e  c o n d u c t iv i t y  w i l l  no longe r  change.
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In  tho p roced ing  d i s c u s s io n ,  reco m b in a t io n  has  boon ig n o red .  
I t  can be seen  t h a t  a t  low te m p e ra tu re s  i f  an e l e c t r o n  i s  e x c i te d  in to  
an a c t i v a t i o n  s i t e ,  th e  p r o b a b i l i t y  o f  escap e  i s  ve ry  low (low 
therm al e n e rg y ) .  Thus t h i s  n e g l e c t  o f  th e  e f f e c t  o f  recom bina t ion  
i s  v a l i d .  S evera l r e s e a r c h e r s ^ ^ h a v e  r e p o r te d  e f f e c t s  o f  t h i s  
n a t u r e ,  te rm ing  them " s t o r a g e " .  These e f f e c t s  were g e n e r a l ly  
n o t i c e d  as  a p e r s i s t e n t  p h o to c u r re n t  once th e  l i g h t  sou rce  has  been 
tu rn e d  o f f .  T h is  i s  I l l u s t r a t e d  in  F ig u re  2 -13 .
I%
F ig u re  2-13 . P h o to c u r re n t  E f f e c t  
F u r th e r  d e t a i l s  may be found in  r e f e r e n c e s  27 , 28 and 31.
2 .7  O ther  F a c to rs  a f f e c t i n g  S to r a g e - R e s e t a b i l l t y
The p re v io u s  d i s c u s s io n  concerned  a model which c o n ta in s  
o n ly  enough f e a t u r e s  to  e x p la in  a few ex perim en ta l  r e s u l t s .  O ther 
o p t i c a l  phenomena o ccu r in g  in  cadmium s u l f i d e  must a l s o  be e x p la in e d .  
This e x p la n a t io n  must be c o n s i s t e n t  w ith  the  model a l re a d y  o f f e r e d .  
Many ex p e r im en te rs  have n o t i c e d  a decay in  th e  p h o to c u rre n t  a t
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Various te m p e ra tu re s .  G e n e ra l ly ,  th e  c u r r e n t  beg in s  to  decay very  
r a p id l y  a t  abou t 200°K, w h ile  i t  i s  more o r  l e s s  c o n s ta n t  below 
200°K. T h is  i s  s t r a n g e  b ecause  i t  i s  known t h a t  the  h o le s  a re  
s e c u re ly  trap p e d  up to  ab o u t 400°K. Now in  o rd e r  f o r  th e  pho to -  
c u r r e n t  to d ro p ,  th e  e l e c t r o n s  i n  the  conduc t ion  band have to 
combine w ith  f r e e  h o le s  which a r e  n o t  a v a i l a b l e .  ,
One e x p la n a t io n  p r e s e n te d  by s e v e ra l  i n v e s t i g a t o r s  looks  
a t  e l e c t r o n  t r a p s  which a r e  known to  be p r e s e n t ,  b u t  do n o t  seem to
f i l l  when th e  tem p era tu re  becomes low . One such t r a p  would n o t
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f i l l  below 180®K, an o th e r  t r a p  would n o t  f i l l  below 210°K. A s im ple
e x p la n a t io n  fo l lo w s .  Assume t h a t  th e r e  a r e  e l e c t r o n  t r a p s  a v a i l a b l e
i n  the  c r y s t a l  which have sm all  c ro s s  -  s e c t i o n s  a t  ve ry  low
te m p e ra tu re s .  Now assume t h a t  as  th e  tem p era tu re  i n c r e a s e s ,  th e
c a p tu re  c r o s s - s e c t i o n  in c r e a s e s  v e ry  s low ly  u n t i l  th e  tem pera tu re
rea c h e s  200®K. At 200®K, a  c r i t i c a l  p o in t  i s  r e a c h e d ,  a t  which
th e  c a p tu re  c r o s s - s e c t i o n  in c r e a s e s  s h a rp ly .
Ic.
in
I
I
300°K2bO°K 
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,F ig u re  2-16» C ap tu re  C ro s s -S e c t io n  vs  Temperature
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This moans ChaC a t abovo 200*K, thoso traps w i l l  f i l l ,  w ith tho 
r e s u lt  chat not so many e le c tr o n s  arm a v a ila b le  for  conduction .
This  moans t h a t  a cadmium s u l f i d e  c r y s t a l  can e f f e c t i v e l y  be r e s e t  
to zero ( i . e . a l l  s to r a g e  rem oval) by h o o tin g  i t  to above 200*K.
This  p r e s e n t s  a s t r a i g h t f o r w a r d  way o f  r e s e t t i n g  tho  c r y s t a l  a t  low 
te m p e ra tu re s .
A nother i n t e r e s t i n g  e f f e c t  i s  in f r o r e d  quenching in  which a 
c r y s t a l  i s  i l l u m in a te d  long  enough to o b ta in  th e  p e r s i s t e n t  pho to­
c u r r e n t  ( s t o r a g e ) .  Once t h i s  i s  o b ta in e d ,  tho l i g h t  shou ld  be sh u t  
o f f ,  and l i g h t  o f  a low er wave le n g th  allow ed to  f a l l  on i t . ^  This 
l i g h t  lo w e rs ,  o r  quenches,  the  p h o to c u r r e n t .  I t  i s  b e l ie v e d  t h a t
th e  low er wave le n g th  l i g h t  f o rc e s  the  h o le s  in  th e  quench s i t e s  to
32drop in to  th e  v a le n c e  b and ,  thus  f r e e in g  them f o r  reco m b in a t io n .
The " t a p  e f f e c t "  i s  a l so  a s s o c ia t e d  w ith  th e  f r e e in g  o f  
tra p p e d  h o le s .  In  t h i s  c a s e ,  i f  the  c r y s t a l  i s  ta p p ed ,  th e  
p h o to c u r re n t  i s  d e c re a se d .  Here th e  mechanical v i b r a t i o n  o f  th e  
c r y s t a l  p roduces  phonons, which in  tu rn  s t im u la t e  th e  h o l e s ,  f r e e in g  
them f o r  re c o m b in a t io n .  This  e f f e c t  can be u s e f u l  f o r  r e s e t t i n g  
th e  c r y s t a l  a t  low te m p e ra tu re s .
F i n a l l y ,  t h e r e  i s  some ev idence  t h a t  th e  tra p p e d  h o le s  may be
r e le a s e d  by ap p ly in g  a  s u i t a b l e  e l e c t r i c  f i e l d  to  th e  c r y s t a l .
14Dussel and Bube have an a ly sed  the  v a r io u s  mechanisms by which t h i s
25pro cess  may o c c u r ,  and Kallman and Mark have dem onstra ted  t h a t
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z in c  s u l f i d o  and zinc-cadmium s u l f i d e  may be do -exc iced  by high  
AC and DC e l e c t r i c  f i e l d s *
Thus i t  i s  p o s s ib le  to  r e s e t  the  c r y s t a l  by a p p l i c a t io n  o f  
o p t i c a l ,  m e ch an ic a l ,  o r  e l e c t r i c a l  means. This  means t h a t  e i t h e r  
case  may be u s e f u l  o r  d e t r im e n ta l .  The methods can be u s e fu l  in  
th e  case  o f  wanted r e s e t a b i l i t y ;  d e t r im e n ta l  in  the  case  o f  un­
wanted r e s e t a b i l i t y .  Thus d u ring  an experim en ta l r u n ,  c a re  should  
be taken t h a t  th e  c r y s t a l  i s  n o t  r e s e t  a c c id e n t ly  by one o f  the 
p ro c e s se s  e x p la in e d .
CHAPTER I I I  
THE PHOTODIELECTRIC EFFECT
3,1  The M acroscopic C ons tan t
In  th e  m acroscopic d e s c r ip t io n  o f  the  d i e l e c t r i c  p r o p e r t i e s  
o f  a s u b s ta n c e ,  th e  p r in c i p a l  param eter  i s  the  d i e l e c t r i c  c o n s ta n t  e  
( fa ra d /m ) .  T h is  param eter  appears  in  e q u a t io n s  used to  d e s c r ib e  
the  e f f e c t s  o f  e le c t ro m a g n e t ic  waves in  a subs tance  and even appears  
in  th e  e x p re s s io n  f o r  c a p a c i t a n c e .  The d i e l e c t r i c  c o n s ta n t  can be 
changed by v a r io u s  methods such as  h e a t in g  the  s u b s ta n c e ,  exposing 
the  subs tance  to r a d i a t i o n  ( l i g h t  o r  n u c l e a r ) ,  and p la c in g  th e  ' 
c r y s t a l  in  a h igh  e l e c t r i c  f i e l d .  By th e  p h o t o d i e l e c t r i c  e f f e c t ,  
i t  i s  unders to o d  t h a t  th e  change in  th e  d i e l e c t r i c  c o n s ta n t  a r i s e s  
because o f  l i g h t  pho tons .  This p r i n c i p l e  can be ex tended  to a 
change in  the  d i e l e c t r i c  c o n s ta n t  due to  n u c le a r  r a d i a t i o n .
The u n d e r ly in g  concep t o f  th e  d i e l e c t r i c  c o n s ta n t  from an
atomic v iew poin t i s  t h a t  o f  an e l e c t r i c  d ip o le  moment. For a system
38of  charged p a r t i c l e s ,  th e  d ip o le  moment i s  d e f in e d  as
■ E J i ^ i  (3-1)
where i s  th e  charge a s s o c ia t e d  w ith  the  i - t h  p a r t i c l e  and
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i s  tho  d isp la c e m e n t  o f  t h a t  p a r t i c l e  w i th  r e s p e c t  to tho  o r i g i n .
In  an e l e c t r i c a l l y  n e u t r a l  system , p a s  d e f in e d  by e q u a t io n  (3 -1 )  i s
independen t o f  the  o r i g i n  o f  th e  system . As p r o o f ,  suppose t h a t  the
o r i g i n  i s  s h i f t e d  by a v e c to r  d isp lacem en t th u s  th e  d ip o le  moment 
in  th e  new system  becomes
p '  -  P  (3 -2 )
This fo l lo w s  s in c e  th e  summation o f  th e  charge must be z e r o ,  because th e
su b stan ce  i s  space  charge n e u t r a l .
The m acroscopic  c o u n te r p a r t  o f  p i s  th e  e l e c t r i c  p o l a r i z a t i o n  P , 
which appears  in  th e  a u x i l i a r y  Maxwell e q u a t io n  as  fo l lo w s ;
^  -  6^  + Ÿ  (3 -3 )
where "d i s  th e  e l e c t r i c  f l u x  d e n s i ty  (c o u l/m ^ ) ,  "e  i s  th e  e l e c t r i c  f i e l d  
(v o l t /m ) ,  and i s  th e  d i e l e c t r i c  c o n s ta n t  o f  f r e e  space ( fa ra d /m ) .
F u rthe rm ore ,  th e  m acroscopic  P i s  th e  volume average  o f  th e  d ip o le
-a* 4^moment p .  An e l e g a n t  p roo f  appears  in  Wang,
Ÿ  -  (3 -4 )
Z_vi V
where V i s  volume. Remembering t h a t
D -  (3 -5 )
and s u b s t i t u t i n g  e q u a t io n  (3 -5 )  in  (3 -3 )  g iv e s
■p - f i o & r - J  (3 -6 )
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Chon equating eq u ation s (3 -4 )  and (3 -6 )  y ie ld
-  1 \  q^Tj ♦ 1 (3 -7 )
where V i s  th e  volume a n d { E |i s  tho a p p l ie d  f i e l d .  Thus i t  appea rs  t h a t  
th e  r e l a t i v e  d i e l e c t r i c  c o n s ta n t  i s  r e l a t e d  to  the  a p p l ie d  e l e c t r i c  f i e l d  
and to  th e  d isp la cem e n t  o f  each ch a rg e ,  assuming a n o n - l i n e a r  d i s ­
p lacem ent v e r s u s  S i s  p o s s i b l e .
3-2  Change in  th e  R e la t i v e  D i e l e c t r i c  C onstan t
The e q u a t io n  o f  motion f o r  a charged p a r t i c l e  in  any type  o f  
f o r c e  f i e l d  may be w r i t t e n  as
m i î f  + k r  -  F (3 -8 )
df^ d t
where m i s  th e  m ass, B i s  th e  damping o r  l o s s  c o n s ta n t ,  k i s  th e  
r e s t o r i n g  f o r c e  c o n s t a n t ,  and r  i s  the  d isp lacem en t v e c t o r .  In  t h i s  
e q u a t io n ,  th e  f i r s t  term  r e p r e s e n t s  th e  a c c e l e r a t i o n  f o r c e ,  th e  second 
g iv e s  th e  v is c o u s  damping f o r c e ,  and th e  t h i r d  i s  th e  e l a s t i c  b ind ing  
f o r c e .  When an a l t e r n a t i n g  e l e c t r i c  f i e l d  in  th e  x - d i r e c t i o n  i s  taken  
to  be the  a p p l ie d  f o r c e ,  th e  p rece d in g  e q u a t io n  may be w r i t t e n  as
m ^  + B dx + kx "  qSVs^*^ (3 -9 )
d t^  d t
where g ' g i s  th e  i n t e r n a l  f i e l d .  I f  the  m a te r ia l  i s  h ig h ly
36,37
p o l a r i z a b l e ,  th en  lo c a l  f i e l d  c o r r e c t io n s  a r e  n o t  n e c e s s a ry .
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The re s o n a n t  f req u en cy  o f  a harmonic o s c i l l a t o r  i s
Vo "  F
m
A s o lu t i o n  o f  (3 -9 )  g iv e s
(3-10)
X -  (q/m)Bk (3-11)
2 2 -w + jwB/m + •
The above e q u a t io n  may be r a t i o n a l i z e d  to  y i e l d
X -  [(q/m)E'ejv*:][(Wn2 -  w^) -  jwB/m] (3-12)
[(Wq^ -  w2)2 + (wB/m)^] •
S ince  th e  a p p l ie d  f i e l d  i s  in  th e  x - d i r c c t i o n  and th e  f i e l d  i s  
E -  E’e.'^vt^ then  e q u a t io n  (3 -7 )  may be m od if ied  to  y i e l d
Now a l lo w  th e  x  v a r i a t i o n  o f  e q u a t io n  ( 3 - l2 )  to  app ly  to each 
ch a rg e ;  fu r th e rm o re ,  s u b s t i t u t e  e q u a t io n  (3-12) in to  (3-13) to 
o b t a i n  th e  fo l lo w in g
-  W^) -  jw/Y 
<Voi -  (W/T)^
+ 1 (3-14)
i
where T « a/B , and i s  i n  f a c t  th e  momentum r e l a x a t i o n  tim e.
The above e q u a t io n  d e s c r ib e s  the  d i e l e c t r i c  c o n s ta n t .  However, the
f u n c t io n  o f  i n t e r e s t  i s  th e  change in  the  d i e l e c t r i c  c o n s ta n t .
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E quation  (3-14) may bo s im p l i f i e d  by ta k in g  tho  summation over  a  per  
u n i t  volume. Thus tho volume dependence may be removed, and 
e q u a t io n  (3-14) becomes
f i r  -
where th e  s u b s t i t u t i o n
À - (Wni-  -  jw/T
(3-15)
( w ^ i "  w ^ )2  + ( w/ t )2
(3-16)
h as  been made.
S ince th e  change in  d i e l e c t r i c  c o n s ta n t  i s  the  m a t te r  o f  
im p o r tan ce ,  th e  charge  p o s i t i o n  v e c to r s  t h a t  do n o t  change w i l l  be 
s e p a ra te d  from eq u a t io n  (3 -1 6 ) ,  T h is  means t h a t  o n ly  th e  moving 
charge  c a r r i e r s  a f f e c t  th e  d i e l e c t r i c  c o n s ta n t .  These c a r r i e r s  may be 
r e p r e s e n te d  by a new c l a s s  " t* '.  T h e re fo re  eq u a t io n  (3-15) becomes
f i r  - (3-17)
where k -  i - t ,  and i s  th e  c l a s s  which c o n t r ib u te s  n o th in g  to the  
change in  th e  d i e l e c t r i c  c o n s ta n t .
In  th e  case  o f  cadmium s u l f i d e ,  th e  o n ly  charge c a r r i e r s  
caus ing  the  d i e l e c t r i c  change a re  e l e c t r o n s ,  s in c e  th e se  a re  th e  
c a r r i e r s  t h a t  a re  being  t r a p p e d .  E le c t ro n s  have th e  same mass and 
ch a rg e ;  t h e r e f o r e  th e  mass and charge  in  th e  l a s t  term o f  eq u a t io n
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(3-17) a re  r e p la c e d  by e and m. Also It; fo l lo w s  Chat I s  
s im ply  w^^and e q u a t io n  (3 -17 )  may be w r i t t e n
^ r -  - î â ;  ^ (3-18)
where a  has been d e f in e d ,  and n i s  the  d e n s i ty  o f  f r e e  e l e c t r o n s .
Now i f  some o f  th e  e l e c t r o n s  a re  t r a p p e d ,  then  th e re  w i l l  be a 
change in  th e  f r e e  e l e c t r o n  d e n s i ty ,  o r  i f  some o f  th e  trapped  
e l e c t r o n s  a re  r e l e a s e d ,  th e r e  w i l l  be a d e n s i ty  change. I t  i s  
a p p a re n t  from e q u a t io n  (3-18) t h a t  the  change in  d i e l e c t r i c  c o n s ta n t  
may be w r i t t e n
2
- 7 -  Z \ n  A(w,Wq) (3-19)me^
where An i s  th e  n e t  change in  e l e c t r o n  d e n s i t y ,  and A(w,Wg) i s  
[(w^ -  w ^)- j w / r ] /  [  (w^ -  w^)3 * (w/t ) 3J , I t  i s  i m p l i c i t  t h a t  An 
i s  a n e g a t iv e  number because  th e  change in  d e n s i ty  i s  due to 
t r a p p in g .  Thus the  e l e c t r o n  c o n t r ib u t io n  to th e  d i e l e c t r i c  c o n s ta n t  
may be r e p re s e n te d  by a c o n s ta n t  te rm , independen t o f  th e  e x c i t a t i o n ,  
p lu s  a term t h a t  changes under e x c i t a t i o n .
£  (3-20)
where 6 i s  g iven  by th e  f i r s t  two terms in  e q u a t io n  (3 -1 8 ) .
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When Che v a lu e  o f  A(WyW^) I s  s u b s t i t u t e d  in to  eq u a t io n  (3 -1 9 ) ,  
i s  g iven  by
A é j .  - A ft
" 2  2 (w^ -  w ) -  jw / r
mf (w,
(3-21)
which i s  complex. 
Thus
ÊJ. -  ♦ J A s ; (3 -22)
where
and
"  KAft
w2 _
(wq. -  w^  )^ + (w/%)2
(3-23)
A e J  -  KAft w / t
(wj -  *2)2  + (w/T)'
(3-24)
and K -  e /mfi^ « The b a s ic  form o f  th e s e  e q u a t io n s  i s  s im i la r  to  the  
complex p o l a r i z a b i l i t y .  In  g e n e r a l ,  as  th e  e l e c t r o n s  s h i f t  energy  
l e v e l s ,  the  v a lu e  o f  w  ^ and t  w i l l  a l so  change. A ll th a t  rem ains  now 
i s  to  c a l c u l a t e  th e  v a lu e  o f  w  ^ , A n ,  and t .
As p re v io u s ly  s t a t e d ,  th e  f requency  o f  a c l a s s i c a l
w - J  k/ra ’ ,  (3-25)
o s c i l l a t o r  w^ i s  g iven  by
The r e s t o r i n g  f o r c e  on an o s c i l l a t o r  w ith  d isp lacem en t y i s  g iven  by
F -  ky, (3 -26)
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Tho p o te n t ia l energy o f th is  system  i s
W -  my2 ,  (3-27)
The to ta l  energy o f  tho o s c i l la t o r  i s  ob ta in ed  when y  i s  a maximum 
and when the k in e t ic  energy i s  zero . 
"m.% -  ^  ’'o " ^ 1 %
Coulombs' law g iv e s  th e  a t t r a c t i v e  f o r c e  between two charges
F -  1 q , ( 3- 29)
where r  i s  th e  s e p a r a t i o n ,  and and qg a r e  th e  m agnitudes o f  the  
ch a rg es  in v o lv e d .  When th e  charges  a re  equal and o p p o s i te  and o f  
magnitude e ,  th e  above e q u a t io n  becomes
F — 1 ^ ■ (3—30)
4 tt6o ^
The maximum p o t e n t i a l  energy  i s  g iven  by e q u a t io n  (3 -31)
W -  _ 1 __  (3-31)
from which th e  v a lu e  o f  y^^^ may be o b ta in e d .
E qua t ion  (3 -32) may now be s u b s t i t u t e d  in to  e q u a t io n  (3-30) 
to  o b ta in  w^ in  term s o f  W, the  p o t e n t i a l  energy  in  J o u le s .
‘  J l L î Ü eI I  (3 -33)
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whoro iHq i s  tho  e f f e c t i v e  mass (see  Apt>ondix I I )  o f  th e  e l e c t r o n .  The 
above e q u a t io n  red u ces  to
Wq -  (1 .7 ) (1 o2 ^ ) ^  g3 (3-34)
where E i s  th e  p o t e n t i a l  energy  in  e l e c t r o n  v o l t s .  The energy  o f
e l e c t r o n  t r a p s  i s  measured from th e  co nduc tion  band. Reference to
e q u a t io n  (3 -23) shows t h a t  as w, the  e l e c t r i c  f i e l d  f req u en cy ,  approaches
Wq , th e n  A 6 j. approaches  z e ro .  In  f a c t jA G j .  i s  i d e n t i c a l l y  equal to
zero  when w -  w^. An e s t im a te  o f  w  ^ may be made by a l low ing  E to be
120.03eV, which i s  th e  energy  le v e l  f o r  cadmium s u l f i d e ,  and m^/m to be
20 . 2 ,  which i s  th e  c o r r e c t  v a lu e  f o r  cadmium s u l f i d e .  With th e se  v a l u e s ,
w  ^ becomes 765 GHz, and th u s  w w i l l  be l e s s  th an  w^. w i s  th e  f r e ­
quency o f  th e  a p p l ie d  e l e c t r i c  f i e l d ,  s in c e  w^is 765 GHz and fo r  t h i s
work w i s  400 MHz, th u s  w w i l l  be l e s s  th an  w^.
The te rm A n ,  which i s  th e  n e t  change in  d e n s i ty  o f  th e  f r e e  
e l e c t r o n s ,  must now be e x p la in e d .  T h is  can be done by u s in g  a s im ple 
model t h a t  in v o lv e s  a  d e n s i ty  change between two energy  l e v e l s ,  due to  
an a p p l ie d  s t im u lu s .  This  would mean t h a t  in  th e  case  o f  cadmium 
s u l f i d e ,  e l e c t r o n s  a re  being  t r a n s f e r r e d  from t h e i r  normal f r e e  s t a t e  
to  the  t r a p  s i t e .  Thus A ng = -A  n^ ; which means t h a t  a c e r t a i n  
number o f  e l e c t r o n s  le a v e  s t a t e  1 and e n t e r  s t a t e  2 . The d e n s i ty  
change i s  a l s o  p ro p o r t io n a l  to  the  tim e t h a t  the  e l e c t r o n  spends in  the  
trap p e d  s t a t e  ; th u s  th e  e x p re s s io n  f o r  th e  d e n s i t y  change becomes
A n  -  f^ r^ /V  (3-35)
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whero I s  tho  r a t e  a t  which th o  o lo c t ro n s  a ro  oxcitocl in to  th e  t r a p ,  and
i s  tho  av e ra g e  time tho  e x c i t e d  e l e c t r o n s  spend in  t h i s  t r o p .  V i s  
tho sample volume. This  e q u a t io n  r e p r e s e n t s  tho s t e a d y - s t a t e  v a lue  
o f  A n  under the  c o n d i t io n  t h a t  e l e c t r o n s  o re  e x c i te d  in to  th e  t r a p .
I f ,  however, th e  e l e c t r o n s  a re  e x c i te d  o u t  o f  the  t r a p ,  then
A n -  - f  Tj./ V (3-36)
where r e p r e s e n t s  the  average  tim e the  e l e c t r o n  spends o u t  o f  s t a t e  t ,
and f ^  i s  th e  r a t e  a t  which e l e c t r o n s  a re  e x c i te d .  In  t h i s  c a s e , A n  
i s  a p o s i t i v e  q u a n t i t y .
The g e n e r a t io n  r a t e  f ^  i s  r e l a t e d  to the  r a d i a t i o n  i n t e n s i t y  
and th e  a b s o rp t io n  c o e f f i c i e n t  f o r  tho type o f  r a d i a t i o n .  Thus, in  
g en e ra l
-  od 9  (3-37)
w h e r e # i s  th e  r a d i a t i o n  f l u x  i n t e n s i t y ,  which i s  s u f f i c i e n t l y  e n e r g e t i c  
to  cause  a s h i f t  in  e l e c t r o n  l e v e l s ,  and ^ i s  a convers ion  c o e f f i c i e n t ,  
which when m u l t i p l i e d  by # g iv e s  th e  number o f  e l e c t r o n s  t r a n s f e r r e d .
Thus the  n e t  change o f  e l e c t r o n  d e n s i ty  An becomes
A n  (3-38)
where V i s  th e  sample volume.
In  th e  case  o f  cadmium s u l f i d e ,  t  approaches i n f i n i t y ,^ »
which presumes t h a t  an I n f i n i t e  change in  e l e c t r o n  d e n s i ty  i s  p o s s ib le .  
This  in  f a c t  i s  n o t  t r u e ,  and e q u a t io n  (3 -33) should be u sed  to
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re p ro s o n t  a change i n A n  duo Co an incromnnC o f  (f. Thus cho t o t a l  
change in A n  may be o b ta in e d  by in t e g r a t i n g  tho  increm ent o f  thus
A n  -  S £ ( t )  d t (3-39)
where CJ(0) -  0 .  This  eq u a t io n  does n o t  a l low  f o r  s a t u r a t i o n  which 
comes about because th e r e  a r e  a f i n i t e  amount o f  t r a p p in g  s i t e s  
a v a i l a b l e  in  cadmium s u l f i d e .  Once th e se  t r a p  s i t e s  have been f i l l e d ,  
no f u r t h e r  change in A n  can take  p la c e .  This to p ic  i s  d isc u sse d  in  a 
l a t e r  s e c t i o n .
This  d is c u s s io n  shows t h a t  i f  r a d i a t i o n  impinges on a c r y s t a l  
o f  cadmium s u l f i d e  under th e  p rope r  tem pera tu re  c o n d i t io n s ,  a change 
in  th e  d i e l e c t r i c  c o n s ta n t  r e s u l t s .  The same d is c u s s io n  a p p l i e s  i f  the
e x c i t a t i o n  s t im u lu s  i s  l i g h t ,  as Hinds has  shown.'
. t
22 Thus
A £ r  - CJ ( t )  d t
o 2 
Wn -  w -  jw /r_____
(Wg^ -  *2)2 + (w/T)Z
(3-40)
The n e x t  term t o  be d isc u s s e d  i s  T ,  which i s  th e  momentum
38r e l a x a t i o n  tim e . Nussbaum shows t h a t  th e  mean, time between f r e e
e l e c t r o n  c o l l i s i o n s , « r ^ ,  and t  a re  e s s e n t i a l l y  th e  same, K it teT  
g iv e s  th e  fo l lo w in g  r e l a t i o n s h i p  f o r  v
26
T  » m^u/e (3-41)
where u i s  th e  c a r r i e r  m o b i l i t y ,  ra^ i s  th e  e f f e c t i v e  mass, and e
i s  th e  ch a rg e .
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I f  u i s  taken  a s  lO cm f/v o l t -so c  » w ith  m^/m equal to  1» then 
T  becomes < 5 ,7 )(1 0 ’ ' * ) .  I f  w i s  ( 2 .5 ) ( 1 0 * ) ,  then w / t  i s  ( 4 . 4 ) ( lO ^^) ,
which i s  f a i r l y  sm all when compared to  w  ^ , [ i  ( 4 .6 ) (1 0  ) ]  •
T h is  va lue  o f  r  i s  r e a l l y  a lower l i m i t  ( a c t u a l l y  tho va lu e  o f  t  used
i s  t h a t  f o r  h o le  m o b i l i ty  a t  300®K, and e l e c t r o n  m o b i l i t y ,  oven a t  
o
4 .2 'K ,  w i l l  be h ig h e r  than  t h i s  v a l u e ) ,  thus  w /r would become s m a l le r  
and may th e re f o r e  be n e g l e c te d .  Thus e q u a t io n s  (3-19) and (3-20) may 
be w r i t t e n  as
(3 -42)
Ae*» -  KAn
Wo -  w^
w / t
C»! -
(3-43)
A c lo s e  look  a t  th e  above e q u a t io n s  shows t h a t  the  change in  the  
complex d i e l e c t r i c  c o n s ta n t  i s  o n ly  a fu n c t io n  o f  n^ and w^, s in c e  th e  
o p e r a t in g  frequency  (w) i s  b e in g  k ep t  r e l a t i v e l y  c o n s ta n t .  This  i s  the  
f req u en cy  o f  th e  a p p l ie d  e l e c t r i c  f i e l d ,  which i s  changing by o n ly  a 
few KHz in  400 MHz, However, w^ i s  r e a l l y  a fu n c t io n  o f  E, which w i l l  
be in v e s t ig a t e d  l a t e r ;  th u s  th e  change in  d i e l e c t r i c  c o n s ta n t  i s  
r e l a t e d  to th e  r a d i a t i o n  f lu x  i n t e n s i t y  and the  a b s o rp t io n  p r o p e r t i e s  
o f  th e  c r y s t a l .
3 .3  The E f f e c t  o f  th e  B inding Energy on the  D ie l e c t r i c  C onstan t
In  th e  p reced in g  s e c t i o n ,  th e  change in  d i e l e c t r i c  c o n s ta n t  i s  
found to be a fu n c t io n  o f  tim e ( f o r  long  l i f e  t r a p s ) ,  the  number o f
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o f  e l e c t r o n s ,  th e  i n t e n s i t y  o f  r a d i a t i o n ,  and w^. That i s
A £ _  -  f(t,%r ,n ,d ) <3-44)
Now when th e  dependence on t , n ,  and i s  n e g le c te d ,  then  and A ê"  
may be w r i t t e n
A e ;  - K
Wo "
(Wq -  *2)2  + (w/T)2
(3-45)
A6%
where K -  e / m ^ .
-  K w / t _
(Wq -  * 2 ) 2  +  ( w / t ) ^ (3-46)
E qua tion  (3 -45 )  may be p l o t t e d  as a  fu n c t io n  o f  E, th e  b in d in g  
energy  ap p ea r in g  in  e q u a t io n  (3 -3 4 ) .  Assume th e  p re v io u s  v a lu e  o f  
T and w, [ ( 5 .7 ) (1 0 “^^) and (2 ,5 ) (1 0 ^ )  r e s p e c t iv e l y ]  , then  s u b s t i t u t i o n  
o f  e q u a t io n  (3 -34) and th e s e  v a lu e s  o f  w and or in to  e q u a t io n  (3-41) 
y i e ld s
90 "ï
  (3 -47)
A€*
3
(1 .7 ) (1 0 ^ ^ )E
(2.9)(105G)E6 + (1 .94)(10^^>
This i s  p l o t t e d  in  F ig u re  3 -1 ,
I f  e q u a t io n  (3 -45) i s  d i f f e r e n t i a t e d ,  then  th e  maximum v a lu e
I 2 2
o f A e ^  o c c u r s  when w^ * w + w / r ,  which f o r  t h i s  sample c a l c u l a t i o n  
o c c u rs  when E "  0 ,0 l4eV , This v a lu e  i s  f a i r l y  c lo s e  to  th e  v a lu e  o f  E
f o r  aluminum doped cadmium s u l f i d e  g iven  in  th e  l i t e r a t u r e , ^ ^
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LM)
<
e  V/ o t 0. 00/
B/fVOf/vf £'/VC ^Y
F ig u re  3 -1 .  Ae^ v e rs u s  Binding Energy
Note t h a t  th e se  c a l c u l a t i o n s  assume m^/m equal to  1 and r  equal to 
,-15(5 ,7 ) (1 0  ) ,  which i s  n o t  t r u l y  a c c u r a te .
2 2N o tic e  t h a t  as E approaches z e ro ,  o r  as w w^, th e  
e l e c t r o n  b eg in s  to  behave l i k e  a f r e e  e l e c t r o n ,  and th e  change in  the  
r e a l  p a r t  o f  th e  d i e l e c t r i c  c o n s ta n t  becomes
2 e n
"*0^0
2 1 , 2  
w + / t
(3-48)
•1This i s  th e  same a s  A rn d t 's  eq u a t io n  f o r  the  change in  th e  r e a l  p a r t  
o f  th e  d i e l e c t r i c  c o n s ta n t  b rough t about by e x c i t i n g  e l e c t r o n s  from 
th e  va len ce  band to  the  conduc tion  band.
E quation  (3 -4 6 ) ,  th e  im aginary  p o r t i o n  o f  th e  r e l a t i v e  d i ­
e l e c t r i c  change, may a lso  be c a l c u la te d  as  a fu n c t io n  o f  E.
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Assuming tho same v a lu e s  o f  w and t  u sed  in  o b ta in in g  e q u a t io n  (3-47) 
and ag a in  u s in g  e q u a t io n  (3 -34 )  and s u b s t i t u t i n g  thorn in to  
e q u a t io n  (3 -4 6 ) ,  th e  fo l lo w in g  i s  o b ta in e d .
A e  -
(4 .4)(10^3) (3-49)
(2.9(105G)E* + (1 .94)(io^ ^ )
T his  i s  p l o t t e d  in  F ig u re  3 -2 .  Note t h a t  changes r a p i d l y ,  then  
l e v e l s  o f f .
o p r .
VÜ —So
-32
Û . Û /
F ig u re  3 -2 ,  A& v ersu s  Binding Energy 
r
E qua tion  (3-49) may be s im p l i f i e d .  In  th e  case  o f  deep t r a p s ,  
w ^ » w ,  then  th e  change in  th e  im aginary  p o r t i o n  o f  th e  d i e l e c t r i c
c o n s ta n t  can be w r i t t e n
52
(3 ,5 0 )
Wq
I n  tho case  when the  t r a p s  a r e  s h a l lo w ,  w>w^, then  th e  e q u a t io n
becomes
A ^ ' .  - X .  (3-51)
(w /r)  w
Hence i t  i s  e v id e n t  t h a t  th e  im aginary  p o r t io n  has  a sm all va lue  fo r  
deep e l e c t r o n  t r a p s ,  and r i s e s  to  a h ig h e r  c o n s ta n t  v a lu e  as  the  t r a p s  
become sh a l lo w e r .  In  th e  sample c a l c u l a t i o n  p re v io u s ly  worked, i t  
was shown t h a t  was O.OlAeV. For t h i s  va lu e  o f  E, th e
im aginary  p o r t i o n  has reach ed  i t s  maximum v a lu e .
E quation  (3-46) can be reduced  to  the  f r e e  e l e c t r o n  va lue  
when Wg approaches z e ro ,  o r  as  E approaches z e ro .
A e "  -  - A .  _ I Z ] Î —  ( 3 - 5 2 )
r 2_2me£o V T + 1
I
which i s  the  same r e s u l t  as  was o b ta in e d  by A rndt.
3 ,4  C av ity  P e r tu r b a t io n  Theory
A good way to  measure changes in  th e  d i e l e c t r i c  p r o p e r t i e s  
o f  a c r y s t a l  I s  to p la c e  th e  c r y s t a l  in  a h igh  Q r e s o n a n t  c a v i ty  and 
measure the  change in  f requency  and q u a l i t y  f a c t o r  (Q) due to  th e  
change in  th e  d i e l e c t r i c  c o n s ta n t .  The c a v i ty  chosen fo r  t h i s  work 
was a r e - e n t r a n t  c o a x ia l  c a v i t y ,  w ith  the  sample p la ced  on th e  t i p  o f
53
tho ro-oncrant stub a& shown in  Figuro 3 -3 ,
F ig u re  3 -3 ,  R e -e n t r a n t  Coaxial C av ity
According to p e r tu r b a t io n  th e o ry ,  changes in  th e  d i e l e c t r i c  
c o n s ta n t  o f  a sample in  a c a v i t y  w i l l  show up as  changes in  th e  c a v i ty  
r e s o n a n t  frequency  and q u a l i t y  f a c t o r .  Tho u se  o f  a h igh  Q s u p e r ­
conducting  C av ity  w i l l  show th e se  changes in  f requency  more markedly 
and w i l l  a l low  p r e c i s e  measurements to be made. Arndt^ has  ana ly sed  
th e  c a v i ty  p e r tu r b a t io n  p rob lem , and on ly  th e  h i g h l i g h t s  o f  h i s  r e s u l t s  
w i l l  be u sed .
The complex an g u la r  f re q u e n c y ,  w, f o r  a re s o n a n t  c a v i ty  can be
w r i t t e n
w -  w* + jw” (3-53)
where w* i s  the  r e a l  component and i s  determ ined  by the  r e a l  f req u en cy ,  
and w" i s  th e  im aginary  component. The r e l a t i o n s h i p  between th e  com­
p le x  an g u la r  frequency  to  th e  r e a l  frequency and q u a l i t y  f a c t o r  has
43been determ ined  f o r  a complex p e r tu r b a t io n  to  be
w i-WqAw
wi w " r i
- i
2Qi 20 ,
(3-54)
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whoro w  ^ i s  cho o r i g i n a l  froquoncy in  r a d i a n s  p a r  second, Wj i s  the  
new frequency  in  r a d ia n s  p e r  second , i s  tho  valuo  o t  Q a s s o c ia t e d  
w ith  w^, Qj^  i s  th e  new v a lu e ,  and th e  f r e q u e n c ie s  i n  h e r t z .
Thus th e r e  a re  two components f o r  a change o f  r e s o n a n t  f requency  o f  a 
c a v i t y .  The r e a l  p a r t  i s
A »1 _ ■ • (3 -55)
w^ fj.^
and th e  im ag inary  p a r t  i s
A„.i i l l  - i l
(3 -56 ). Iw i ^
1 - 1
o  J
Hence th e  change i n  d i e l e c t r i c  c o n s ta n t  can produce two e f f e c t s  in  th e  
o p e r a t in g  c h a r a c t e r i s t i c s  o f  the c a v i t y .
I t  may be shown^ t h a t ,  f o r  a h igh  Q superconduc t ing  c a v i t y ,  the  
i n i t i a l  change in  r e s o n a n t  f requency  when the  sample i s  p la c e d  on the  
s tu b  i s  gi'Crên by e q u a t io n  ( 3 -5 7 ) ,  where i s  th e  d i e l e c t r i c  c o n s ta n t  o f  
th e  c r y s t a l  (£j. « sample volume, and i s  th e
c a v i ty  volume,
'  _ e .  -  6 .
■  s .
The r i g h t  s i d e  o f  eq u a t io n  (3-57) i s  n o t  e a s i l y  e v a lu a te d  f o r  th e  
p r e s e n t  geom etry , b u t  i f£ g  i s  known, then  th e  v a lu e  o f  th e  r a t i o  o f  the  
two i n t e g r a l s  may be determ ined  e x p e r im e n ta l ly .  Hence
K -  (3 -5 8 )
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The v a lu e  o f  K I s  c o n s ta n t  f o r  any g iv en  sample and c a v i ty .  There­
f o r e  th e  change in  f requency  may be w r i t t e n  as
If (3 -59)
«1 ^ c
Now i f  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  c r y s t a l  should  
now become th en  a s i m i l a r  e x p re s s io n  may be w r i t t e n  f o r  the
change i n  f req u en cy  when th e  sample i s  p la ced  in  th e  c a v i ty .
± : b  -  -  6A x '
wi 6%
(3-60)
I f  th e  change in  d i e l e c t r i c  c o n s ta n t  h a s  n o t  a f f e c t e d  th e  c a v i ty  
f i e l d s ,  th e n  K and K' a re  e q u a l .
T h e re fo re  th e  change i n  f requency  o b ta in e d  when th e  c r y s t a l
d i e l e c t r i c  c o n s ta n t  changes from e to € '  I s  g iven  by
c c
J i -  K (3 -61)
W^  W^ &c*&c
S ince  th e  changes in  th e  d i e l e c t r i c  c o n s ta n t  w i l l  be s m a l l ,  then  
2 2
£ £ tea £  € • T h ere fo re  
c c r  o
where i s  the  change in  r e l a t i v e  d i e l e c t r i c  c o n s ta n t .  Note t h a t  as 
r
Cj, i n c r e a s e s ,  w d e c re a se s .
In  a  p re v io u s  s e c t i o n ,  i t  was shown t h a t  th e  change in  
r e l a t i v e  d i e l e c t r i c  c o n s ta n t  could  be w r i t t e n  as
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A c "  Afi + j A c  *• 
r  r  r
Hence cho change in  tho c a v i ty  frequency  may be w r i t t e n  as
A ^ '  -  jA6^" j  .Aw ■ K
But t h i s  change may a l s o  be w r i t t e n  as
Aw
"1
* j
Wi
Aw _ wj -  w, 
wi
F u r th e rm o re ,  Arndt  ^ shows t h a t
Q
+ j
_L  -_L _
2Qi 2Q2
I I 
2Ql 2Q2
-w
2P
where w i s  th e  f requency  and P i s  th e  a b s o rp t io n  c o e f f i c i e n t ,  
th e  change i n  f requency  may be w r i t t e n  as
A w
wi wI
cLi _
W2 w1
(3 -22)
(3-63)
(3-54)
(3-64)
(3-65)
Thus,
(3-66)
Comparison o f  e q u a t io n s  (3 -66) and (3-63) shows t h a t  the  
change i n  th e  r e a l  p o r t i o n  o f  the  complex d i e l e c t r i c  c o n s ta n t  a f f e c t s  
o n ly  the  re s o n a n t  f requency  o f  th e  c a v i ty ,  whereas a change in  the  
im aginary  p o r t i o n  a f f e c t s  the  q u a l i t y  f a c t o r ,  o r  th e  power a b s o rp t io n .  
The e x p re s s io n  f o r  power a b s o rp t io n  in  a d i e l e c t r i c  c o n s ta n t  i s  g iven  by
1 “ 2
(3-67)
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whoro £ i s  Cho o lo c C r lc  f lo ld *
3 ,5  S a tu ra t io n
I t  has been shown in  a p rev io u s  s e c t i o n  t h a t  tho  change in  Cho
r e a l  p a r t  of th e  complex r e l a t i v e  d i e l e c t r i c  c o n s ta n t  i s  a fu n c t io n  o f
t im e , the  number o f  e l e c t r o n s  changing s t a t e ,  tho  r a d i a t i o n  f lu x  
i n t e n s i t y ,  and w^. That i s
-  f<t,w^,An^C^) (3-44)
The e f f e c t  o f  w on  the  v a lu e  of Ae has  boon e x p lo re d ,  b u t  th e  e f f e c t so r
o f  t im e , th e  number o f  e l e c t r o n s  changing s t a t e ,  and th e  r a d i a t i o n  f lu x  
have n o t .  These th r e e  term s a r i s e  because o f  the  dependency o f  AgJ 
on th e  n e t  change o f  d e n s i t y  o f  th e  f r e e  e l e c t r o n s  ( A n ) .  That i s
Ae! = K^An (3-68)
r  t
where K ■ KA(w,w ) ,  which i s  a m o d i f ic a t io n  o f  e q u a t io n  (3 -2 3 ) ,  For 
t  o
tho  case  o f  long  l i f e t i m e  t r a p s
A n  . k f ' ^ ( t ) d t  (3-39)
%
I t  should  be obv ious  t h a t  a f t e r  a p e r io d  o f  t im e ,  the  e l e c t r o n  
t r a p s  w i l l  f i l l ,  and no f u r t h e r  change o f  A n  w i l l  o c c u r ;  hence no
I
f u r t h e r  change in  A ^  w i l l  o c c u r .  The r e l a t i o n s h i p  between time and 
th e  number o f  t r a p s  f i l l e d  (hencoA n) should  be a lm ost l i n e a r .  This i s  
because th e  e l e c t r o n s  a re  be ing  p la ced  in  "compartments'’ , o r  t h a t  th e
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r o p u ls iv o  fo r c o s  botweon tho trappod o lo c t ro n s  a ro  s m a l l .  Only whon 
tho t r a p  s l t o s  (o r  compartments) a ro  a lm ost f u l l  would tho ro p u ls iv o  
fo rc o s  b eg in  to  have an e f f e c t .  Hcnco th e  change in  e l e c t r o n  d e n s i ty  
would appear as shown i n  F ig u re  3 -4 ,
ûxPoMeMTifft. aur no 
Re^ui.34uc
F ig u re  3 -4 .  V a r ia t io n  o f  A n  w ith  Time
F urtherm ore ,  th e  maximum va lu e  o f  A n  would be equa l to  n ^ ,  th e  d e n s i ty
o f  t r a p  s i t e s  a v a i l a b l e  in  the  c r y s t a l .
Now a l low  tg  to  be the time a t  which s a t u r a t i o n  o c c u r re d .
Thus
A
- “ c (3-69)
o r  s in c e  ^  ( t )  -  c o n s ta n t
CJ tg  -  n^V 
cC
Now i f  th e  r a d i a t i o n  f l u x  i s  c o n s ta n t ,  then
kg -  ntV/o^0 
where i s  th e  r a d i a t i o n  in t e n s i ty .
(3-70)
(3-71)
59
As an oxomplo, assume 156 KoV b e ta  p a r t i c l e s  w ith  an a c t i v i t y  o f
app ro x im a te ly  one m ic ro c u r ie .  A qu ick  g la n ce  a t  F iguro  2-2 shows t h a t
t h i s  would be a maximum v a lu e  o f  b e t a  en e rg y ; hence , assume t h a t  th e
average energy  o f  th e  b e ta  p a r t i c l e  i s  100 KoV. F u rtherm ore ,  s in c e  the
bandgap i s  2 ,53  oV, assume t h a t  2 ,53  eV i s  r e q u i r e d  to p u t  an e l e c t r o n  in
a t r a p .  The number o f  e l e c t r o n s  t r o n s f o r e d  due to one b e ta  p a r t i c l e  w i l l
be (3 ,9 5 ) (1 0 ^ )  e l e c t r o n s  p e r  e v e n t .  Now s in c e  one m ic ro c u r ie  source
em its  ( 3 .7 ) (1 0 ^ )  p a r t i c l e s  pe r  second, the  t o t a l  number o f  e l e c t r o n s
9t r a n s f e r e d  w i l l  be (1 .4 6 ) (1 0  ) e l e c t r o n s  p e r  second.
Now assume t h a t  the  t r a p  s i t e s  a re  duo o n ly  to th e  aluminum
doping . The m o le c u la r  w eigh t o f  CdS i s  144.46 and th e  d e n s i ty  i s  4,82%
2?
th e re fo r e ,  th e r e  a r e  (2 ,0 1 ) (1 0  ) m o lecu le s  p e r  cub ic  c e n t im e te r .  The
doping l e v e l  i s  0,0264%; t h e r e f o r e ,  th e  number o f  aluminum atoms i s  app-
18ro x im a ta ly  ( 5 ,3 ) ( 1 0  ) atoms p e r  cu b ic  c e n t im e te r .  This compares f a v o u r -
22ab ly  w ith  th e  r e s u l t s  o b ta in e d  by Hinds f o r  h i s  CdS;Al c r y s t a l .  The 
sample volume w i l l  be g iven  by
V “ d^h /4  (3-72)
where d i s  the  d iam ete r  (0 .7 9  cm) and h i s  th e  th ic k n e s s  (0 .2  cm) o f  th e  
c r y s t a l .  Thus th e  sample volume i s  0,1 c c .  A ll  th e  q u a n t i t i e s  in  e q u a ­
t i o n  (3 -71) a re  now known and the  s a t u r a t i o n  time i s
■ • - t S S S W -  ■ ■ ■ » « • ' > —
which i s  an ex tre m e ly  long t im e . Thus a t  low e n e rg ie s  and i n t e n s i t i e s  
o f  r a d i a t i o n , s a t u r a t i o n  o f  th e  d i e l e c t r i c  c o n s ta n t  change should  cause  
no p rob lem s.
'  CHAPTER IV 
PRELIMIN^ VRY EXPERIMENTAL DESIGN AND PREPARATION
4,1  In t r o d u c t io n
The ex p e r im en ta l  system may bo d iv id e d  in to  two b a s ic  p a r t s ,  
th e  c a v i ty  w ith  i t s  sam ple , and the a s s o c ia t e d  in s t r u m e n ta t io n .  The 
in s t ru m e n ta t io n  c o n s i s t e d  o f  v a r io u s  o s c i l l a t o r s ,  spectrum  a n a ly s e r s ,  
and th e  l i k e ,  which were used  to measure changes i n  th e  c a v i ty  o p e r a t in g  
c h a r a c t e r i s t i c s .  The c a v i ty  and sample r e a l l y  form th e  more im p o r tan t  
p a r t  o f  th e  e x p e r im en ta l  system . These must be coo led  to  th e  
te m p era tu re  o f  l i q u i d  h e l iu m . The ex p er im en ta l  system  i s  sk e tch ed  i n  
F ig u re  4 -1 ,  and w i l l  be ex p la in ed  in  th e  fo l lo w in g  s e c t i o n s  o f  t h i s  
c h a p te r .
C nv tr yf)f/o
SfjMfice-
Tan/ysMissio/\/
^ritu/H o’Aj rfo tv
F ig u re  4 - 1 .  Sketch  o f  the  E xperim ental System
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4 ,2  Doslgn o f  tho C av ity  and T ransm ission  L inos
As e x p la in e d  i n  c h a p te r  t h r e e ,  a change in  d i e l e c t r i c  c o n s ta n t  
can be m easured u s in g  a h igh  Q c a v i ty .  As th e  c a v i ty  r e s o n a n t  f r e ­
quency i s  made h ig h e r ,  th e  c a v i ty  d im ensions a r e  red u ce d ,  and the  
c r y s t a l  may become a l a r g e r  p a r t  o f  the c a v i ty  volume. Tho l a r g e r  
tho  volume t h a t  th e  c r y s t a l  o c c u p ie s ,  th e  g r e a t e r  th e  e f f e c t  o f  tho 
change in  d i e l e c t r i c  c o n s ta n t  on th e  c a v i ty  r e s o n a n t  f req u en cy .  How­
e v e r ,  i f  th e  c r y s t a l  o c c u p ie s  too much volume, i t  would have a tendency 
to  lo a d  th e  c a v i t y  and cause  th e  r e s u l t s  o f  th e  p e r tu r b a t io n  th e o ry  to 
be i n a c c u r a t e .  An o p e r a t in g  frequency  o f  400 MHz was chosen 
m ain ly  b ecause  o f  equipment l i m i t a t i o n s ,  and a lso  b ecau se ,  a t  t h i s  
f re q u e n c y ,  a r e - e n t r a n t  c a v i ty  would have conven ien t d im ensions to t i t  
in  a Dewar.
Ramo, Ifhinney, and Van Duzei^^discuss th e  r e - e n t r a n t  c a v i ty  
o r  fo r e s h o r te n e d  c o a x ia l  l i n e ,  shown in  F ig u re  4 -2 a .  T h is  c a v i ty  
may be c o n s id e re d  a s  a c o a x ia l  l i n e .  A, te rm in a te d  in  th e  gap 
c a p a c i ta n c e  B, le a d in g  to  th e  e q u iv a le n t  c i r c u i t  o f  F ig u re  4 -2b ,
fi 'To
B
£   '
a b
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This  modol h o ld s ,  p rov ided  t h a t  re g io n  B Is  sm all compared Co Cho wove 
longCh, l e  Cho gap capac icanco  i s  s m a l le r ,  chon I  I s  7 ^ /6 ,  whoro A  
l a  Cho rosonanc wavo longCh, For a rosonanc f requency  o f  400 KHz, X 
I s  75 conClmoCors. Konco 1 I s  18.75 ccnClmoCors. Tho dlsCanco B 
boCweon Cho ro-enCranC posC and cho cav lcy  ond was h e ld  up Co 3 /8  Inch 
(0 .953cm ), which moanC ChaC Cho des ign  roqulrem onc B ^ '^ ^ w a s  s a C is f ie d .
Tho Microwave Engineers* Handbook sCaCcs ChaC Cho q u a l i f y  
facCor o f  a ro-onCranC caviCy would bo opCimized i f  Che raCio :r^  
was made equal Co 3 ,6 ,  Hence, once Cho v a lu e  o f  was chosen , Chen 
r^  was s e e ,  s in c e  Che opCimum (maximum) Q was d e s i r e d .  The va lue  o f
chosen was 5 /8  inch  (1 ,588cm ), which meanC ChaC Che ouCer w all  o f  Che 
caviCy would be made o f  1 -3 /8  inch  b ra s s  p ip e .  T h is  p ip e  has  an ID 
o f  1 -1 /4  In c h e s ,  The limiCaClon on Che e x t e r n a l  diameCer o f  Che 
CaviCy was seC by Che a v a i l a b l e  helium  Dewar which had a  neck diameCer 
o f  1 -1 /2  in c h e s .  With th e  v a lu e  o f  r^  s e t ,  th e  r e - e n t r a n t  s tu b  could  
be tu rn ed  o u t  o f  b r a s s  s to c k  to  a d iam ete r  o f  3 /8  in c h ,  thus  o b ta in in g  
Che optimum r a t i o  r^ z r^ c z S .ô  ( i n  t h i s  case  r ^ : r ^  was 3 .3 4 ) .
A p ro to ty p e  c a v i ty  was Chen b u i l t ,  u s in g  copper tu b in g  which
approximated th e  v a lu e s  o f  r  and r  r e q u i r e d .  This  c a v i ty  waso 1
l i t e r a l l y  thrown t o g e th e r ,  b u t  in  s p i t e  o f  th e  poor c o n s t ru c t io n  
te c h n iq u e s ,  i t s  r e s o n a n t  frequency  was 395 MHz (400 MHz r e q u i r e d . )  This 
c a v i ty  was f i r s t  o p e ra te d  as  a r e f l e c t i o n  ty p e ,  b u t  r e s u l t s  were 
d i f f i c u l t  Co o b t a i n ,  and i t  was found Chat th e  t r a n s m is s io n  type 
worked b e t t e r .
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Tho top  end p l a t e  o f  th e  c a v i ty  was made l a r g e r  than  needed 
( e l e c t r i c a l l y )  so t h a t  i t  could  ho ld  a r a d i o a c t i v e  so u rc e .  v\n in s t e p  
o f  5 /8  inch  d iam ete r  was d r i l l e d  In  tho c a v i ty  ond p l a t e ,  and covered  
w ith  a removable d i s c  which had a  1 /8  inch  d iam ete r  h o le  in  th e  c e n t e r .  
T h is  d i s c  would h o ld  the  r a d io a c t i v e  so u rce  i n  p la c e  and a l low  
r a d i a t i o n  to  impinge on th e  c r y s t a l .  Because o f  th e  geometry o f  th e  
i n s t e p  and i t s  cov er in g  d i s c ,  some c o r r e c t i o n  on th e  amount o f  
r a d i a t i o n  s t r i k i n g  th e  c r y s t a l  must be made. This i s  ex p la in ed  in  a 
l a t e r  s e c t i o n  o f  t h i s  c h a p te r .
The top  end p l a t e  was des igned  to  f i t  snug ly  in to  a channel on 
th e  s id e  w all  o f  th e  c a v i ty .  This  channel cou ld  then  be f i l l e d  w ith  
m olten  Woods m e ta l ,  which upon s o l i d i f y i n g  would form a good s e a l  and 
make th e  c a v i ty  vacuum t i g h t .  The top  end p l a t e  was a t ta c h e d  to th e  
two 5/16 inch  ID s t a i n l e s s  s t e e l  su p p o r t  tu b e s ,  which were in  tu rn  
a t t a c h e d  to  a h e a d e r .  F ig u re  4-3 shows th e  assembled c a v i ty ,  and 
F ig u re  4 -4  shows a machine drawing o f  the  s id e  view o f the  c a v i ty .
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Figuro 4 -5 . Cavity Cryogenic System
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The h ead e r  and s t a i n l e s s  s t e e l  suppo rt  tu b e s  ho ld  tho c a v i ty  
in  tho Dowar and a l lo w  a vacuum to bo hold  on tho  c a v i t y .  Also tho 
RF c o a x ia l  s t a i n l e s s  s t e e l  t r a n s m is s io n  l i n e s  can run  up and doxm 
in s id e  th e  su p p o r t  tu b e s .  F ig u re  4-5 shows the  e n t i r e  system in s id e  
th e  l i q u i d  he lium  Dewar,
F i n a l l y ,  th e  RF c o a x ia l  t r a n s m is s io n  l i n e s  had to be d es ig n ed .  
Duo to  m a te r ia l  l i m i t a t i o n s ,  th e  in n e r  conductor was b u i l t  o f  1 /8  inch  ID 
s t a i n l e s s  s t e e l  tu b in g  and th e  o u te r  conductor was 1 /4  inch  ID 
s t a i n l e s s  s t e e l  tu b in g .  The conduc to rs  were k ep t  a p a r t  by seven 
1 /8  inch  t h i c k  t e f l o n  s p a c e r s .  F ig u re  4-6 shows a s id e  view o f  the  
t r a n s m is s io n  l i n e ,
20,35
The .impedance o f  a  c o a x ia l  l i n e  i s  g iven  by
\  " _____5a!___________ (4-1)
where d i s  the  w id th  o f  a s p a c e r ,  s i s  the s e p a r a t io n  d i s ta n c e  between 
s p a c e r s ,  i s  th e  d i e l e c t r i c  c o n s ta n t  o f  f r e e  sp ace ,  and £ ,  i s  the 
d i e l e c t r i c  c o n s ta n t  o f  the  s p a c e r ,  Z^' i s  th e  c h a r a c t e r i s t i c
impedance o f  th e  c o ax ia l  l i n e  i f  th e  o n ly  d i e l e c t r i c  c o n s ta n t  p r e s e n t
I 20 35were a i r ,  and i s  g iv e n  by *
Z * "  60 In  Di/Do (4 -2 )o
where D, i s  th e  d ia m e te r  o f  th e  o u t e r  conduc to r ,  and Dg i s  the  
d iam ete r  o f  th e  in n e r  c o n d u c to r .  Rearrangement o f  th e  e q u a t io n  (4 -1)
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y ie ld s
I
&  
Zo
-  Z -  1 + (gp .  I ) d /3  (4 -3 )
where 6 ^  -  6^  / g ^ , and thus
I ■ ^
The d e s i r e d  2^ f o r  th e  t r a n s m is s io n  l i n e  was 50 ohms, in  
o rd e r  f o r  good matching between th e  t e s t  equipment and the c a v i ty ,
I
The va lue  o f  2^ f o r  a t r a n s m is s io n  l i n e  w ith  -  1 /4  inch and
Do -  1 /8  in c h ,  was found to  be 41 ,6  ohms. When th e se  v a lu e s  o f  2i. o
I
and 2^ were s u b s t i t u t e d  in to  e q u a t io n  ( 4 - 4 ) ,  the va lue  o f  d / s  was 
g iven  by
d / s  -  (0 .6 9 4 -1 )  .  0 .306 (4 -5 )
This  meant t h a t  the  d e s i r e d  v a lu e  o f  50 ohms was u n a v a i la b le  u n l e s s . t h e  
v a lu e s  o f  D, and were changed, Tliis was im poss ib le  due to  long 
d e l iv e r y  t im e s ,  and i t  was dec ided  t h a t  th e  c h a r a c t e r i s t i c  impedance 
o f  l e s s  than  50 ohms cou ld  be t o l e r a t e d .
The r e l a t i v e  d i e l e c t r i c  c o n s ta n t  o f  t e f l o n  sp a c e rs  i s  
approx im ate ly  2 , Using t h i s  v a lu e  o f a n d  w ith  d -  1 /8  inch and 
s  = 7 in c h e s ,  2^ i s  found to  be 41 ,2  ohms.
\'A i  \'/\ - 1^1
y  ; K \ \ \ \ V |
1^ ¥ ~   — \ y r  i # r
1
F ig u re  4 -6 , A T ransm ission  L ine
68
S ta l n lo s s  s to o l  tub ing  was used  because  o f  i t s  low c o e f f i c i e n t  
o f  thermal c o n d u c t iv i ty .  This was n e c e s sa ry  because  th e  c a v i ty  was a t  
l i q u i d  helium  te m p e ra tu re s ,  and h e a t  lo s s e s  had to be k e p t  to a 
minimum. The low therm al c o n d u c t iv i ty  coup led  w ith  a 5 m i ls  w all 
th ic k n e s s  k e p t  th e  h e a t  l o s s  low.
4 ,3  P re p a ra t io n  f o r  Lead P la t in g
S ince  a h igh  c a v i ty  q u a l i t y  f a c t o r  i s  needed , and s in c e  the  c r y s t a l  
e x h i b i t s  i t s  t r a p  p r o p e r t i e s  a t  4,2®K, i t  was dec ided  to le ad  p l a t e  
the  c a v i ty .  Lead becomes superconduc ting  a t  about 7,2°K, and 
co n seq u en tly  th e  c a v i ty  would have a ve ry  h igh  in h e re n t  q u a l i t y  f a c t o r ,  
In  o rd e r  to o b ta in  a  good p l a t e ,  c e r t a i n  r ig o ro u s  p rocedu res  must be 
fo llo w ed . These p rocedu res  w i l l  be ex p la in e d  in  th e  fo llo w in g  p a r a ­
g ra p h s .  A d d i t io n a l  In fo rm atio n  may be found in  Boom and Hogaboom,^ 
and in  Rodgers,^^
The p l a t i n g  s o lu t i o n  used  was th e  le a d  f lu o b o ra te  form made
accord ing  to  the  fo llo w in g  form ula.
Lead F lu o b o ra te  (50%) 800ml
Boric  Acid Powder 144ml
F lu o b o r ic  Acid (50%) 266ml
Deionized Water 2570ml
Animal Glue d is s o lv e d  in  D i s t i l l e d  
Water -  S evera l Drops
This  form ula p rep a red  approx im ate ly  one g a l lo n  o f  p l a t i n g  s o l u t i o n .
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Sovoral Im portan t p r e c a u t io n s  had to  bo takon . F i r s t ,  s in c e  the  
s o lu t i o n  co n ta in e d  f l u o b o r i c  a c i d ,  g l a s s  c o n ta in e r s  cou ld  n o t  be u se d .  
Secondly , th e  b o r ic  a c id  powder was measured by volume, and f i n a l l y  th e  
amount o f  animal g lu e  used  was vague. The r u l e  o f  thumb in  u s in g  
animal g lu e  was to  add s e v e r a l  d rops  to  the  p l a t i n g  s o l u t i o n ,  do some 
p l a t i n g  u s in g  th e  s o l u t i o n ,  and c o n t in u in g  to  add animal g lu e  u n t i l  a 
s l i g h t  darken ing  o f  th e  le a d  d e p o s i t  was o b s e r v e d ' i n  h igh  c u r r e n t  
d e n s i ty  a r e a s .  T h is  d a rken ing  i s  ex p la in e d  in  Boom and Hogaboom, and 
w i l l  wash o f f  a f t e r  the  p l a t i n g  i s  f i n i s h e d .  The c o n c e n t r a t io n  o f  g lu e  
was n o t  m a in ta in e d ,  b u t  when th e  p l a t i n g  d e p o s i t s  became rough , more 
g lu e  was added.
The s o l u t i o n  was p re p a re d  by d i s s o lv in g  th e  b o r ic  a c id  in  
de io n ized  w a te r .  This  s te p  was done in  an open g l a s s  c o n ta in e r ,  s in c e  
th e  b o r ic  a c id  powder d i s s o lv e d  s low ly  and had to be s t i r r e d .  The 
b o r ic  a c id  was then  t r a n s f e r r e d  to  a p o ly e th y le n e  c o n ta in e r  i n  which 
th e  p l a t i n g  s o lu t i o n  was made up and k e p t .  The le a d  f lu o b o r a te  and 
f lu o b o r i c  a c id  were th e n  added. Reagent g rade chem ica ls  were used  
th ro u g h o u t ,  ex ce p t f o r  th e  l e a d  f lu o b o r a te  which was t e c h n ic a l  g ra d e .  
F i n a l l y ,  th e  b e s t  q u a l i t y  animal g lu e  and p u r e s t  d e io n iz e d  w ate r  were 
u se d .  The pH o f  th e  s o l u t i o n  was k e p t  a t  a l l  t im es  l e s s  than  1 .5 .
À p e r f e c t l y  c l e a n  p a r t  was a b s o lu te ly  e s s e n t i a l  i f  the  p l a t e  
was to  adhere to th e  base  m etal and com ple te ly  and even ly  cover th e  
m e ta l .  Two a c id  m ixes ,  o r  d ip s ,  were u sed .  A rough d ip  f o r  
c l e a n in g ,  and a b r i g h t  d ip  f o r  p o l i s h i n g .  These d ip s  were p rep a red
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acco rd in g  to tho fo l lo w in g  formulae#
Rough Dip
B r ig h t  Dip
S u lp h u r ic  Acid 
N i t r i c  Acid 
H y droch lo r ic  Acid
S u lp h u r ic  Acid 
N i t r i c  Acid 
NaCl
73cc/l2S cc
A 7cc/l28cc
I0 c c / I2 8 c c
73cc/,l28cc
4 7 cc / l2 8 c c
3,84gin/l28cc
These s o l u t i o n s  were always too f a s t  (o r  too s t ro n g )  and had 
to  be d i l u t e d  by p la c in g  a p ie c e  o f  s c ra p  copper o r  b r a s s  in  th e  d ip  
u n t i l  th e  s o lu t i o n s  tu rn e d  a murky g r e e n -b lu e .  At t h i s  p o i n t ,  th e  
s c ra p  copper was removed, and th e  a c t io n  o f  tho  d ip s  was t e s t e d  on a 
p ie c e  o f  b r a s s .  I f  th e  d ip s  were s t i l l  too f a s t ,  the  sc rap  copper was 
r e tu r n e d  to  th e  d i p s ,  l e f t  f o r  a few m in u te s ,  and then the  d ip s  were 
t e s t e d  a g a in .  This  was kep t  up u n t i l  tho d ip s  o p e ra te d  as r e q u i r e d .
When the  d ip s  became too weak, th e  s o l u t i o n  took on the  
b r i g h t  b lu e  c o lo r  o f  hydrous copper s u l f a t e .  When t h i s  o c c u r re d ,  
more s u lp h u r ic  a c id  was added u n t i l  the  s o l u t i o n  tu rn ed  a  d a r k - d i r t y  
medium g re e n .  Approximate n o te  was ta k en  o f  th e  amount o f  s u lp h u r ic  
a c id  added , and app rox im ate ly  one h a l f  o f  t h i s  amount o f  n i t r i c  a c id  
was added. A t a l l  t im es  when th e  d ip  s o l u t i o n s  were be ing  u sed ,  o r  
mixed, a chem ical hood was u sed .
The p rocedu re  fo r  c le a n in g  a p a r t  fo r  p l a t i n g  was as  f o l lo w s .
1 . Rough Dip
2 . Wash in  tap  w ate r  and then  in  pu re  w ate r
3 .  B r ig h t  Dip
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4 .  Wash In  ta p  w ate r  and th e n  In pure  w ater
5 . D i lu te d  (1 /2 )  B r ig h t  Dip
6. Wash in  pu re  w ater
7 . P u t  i n  the  p l a t i n g  s o lu t i o n
The washing s to p s  were ex trem ely  Im portan t  in  tho  p r e p a r a t io n  o f  tho 
p a r t s .  F i r s t ,  a l l  the  d ip  had to be washed o f f  in  ta p  w a te r ;  then  a l l  
tho  ta p  w a te r  had to  be washed o f f  w ith  d e io n iz e d  (p u re )  w a te r .
This  had to bo done f a i r l y  r a p i d l y  so t h a t  o x i d i z a t i o n  could  n o t  o c c u r ,  
p a r t i c u l a r l y  in  th e  s i x t h  s t e p .
The le a d  anodes used  in  th e  p l a t i n g  p ro c e s s  were made from 
h ig h  g rade  p u r i t y  l e a d .  The anodg was th en  wrapped in  mylar f i lm  and 
hammered in to  shape .  E l e c t r i c a l  c o n ta c t  was made by s o ld e r in g  a s t i f f  
copper w ire  in to  the  anode. The copper w ire  and s o ld e r  j o i n t  had to be 
covered  w ith  p o ly e th y le n e  tu b in g  in  o rd e r  to  avo id  co n tam in a tin g  th e  
le a d  p l a t i n g  s o l u t i o n .  F i n a l l y ,  b e fo re  the  anodes were u se d ,  they 
were scrubbed w ith  a c l e a n  to o th  b rush  in  a s o lu t i o n  o f  Versene (Dow 
Chemical C le a n e r ) ,
4 .4  E l e c t r o p l a t i n g  o f  th e  C av ity
Once th e  anodes ,  tho p l a t i n g  s o l u t i o n ,  and the  c a v i ty  p a r t s  
had been p r e p a re d ,  th ey  were read y  f o r  le a d  e l e c t r o p l a t i n g .  In  t h i s  
p r o c e s s ,  th e  most im p o r tan t  v a r i a b l e  was th e  c u r r e n t  d e n s i ty .  I f  th e  
d e n s i ty  was too low, l a r g e  g r a in s  would form , and i f  i t  was too h ig h ,  
t r e e in g  would r e s u l t .  N orm ally , th e  c u r r e n t  d e n s i ty  was m ain ta ined  
j u s t  below th e  t r e e in g  p o in t .
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Tho s im ple  p a r t s  o f  tho c a v i ty  wore p la to d  by pouring  some 
p l a t i n g  s o lu t i o n  in to  a p o ly e th y le n e  c o n ta in e r ,  p la c in g  an anode in  
tho s o lu t i o n  and suspending the  p a r t ,  u s in g  copper w ire  in  the  
s o l u t i o n .  No co n tam in a tio n  o f  the s o lu t io n  could  o ccu r  s in c e  the  
p a r t s  and th e  w ire  were be ing  p la to d .  F urtherm ore , b e fo re  th e  p a r t  
was p la ced  in  th e  s o l u t i o n ,  a s l i g h t  v o l ta g e  was a p p l ie d  to th e  anode 
to  reduce  the  chances o f  con tam ina tion  o f  th e  p l a t i n g  s o lu t i o n .
The p a r t s  were r o t a t e d  o c c a s io n a l ly .
The c a v i t y  end p l a t e  and th e  c a v i ty  wore d i f f i c u l t  to p l a t e  
because  o f  in s id e  r i g h t  an g le s  and r e c e s s e s .  In  o r d e r  to p l a t e  the 
c a v i t y ,  i t  was f i l l e d  to  th e  brim w ith  p l a t i n g  s o l u t i o n ,  and an anode 
was p la ced  I n s id e  th e  c a v i ty  and moved around u n t i l  th e  p l a t i n g  was 
com ple te .  In  th e  c a se  o f  th e  c a v i ty  top end p l a t e ,  th e  t r a n s m is s io n  
l i n e  h o le s  were plugged w ith  p o ly e th y len e  p lu g s  and th e  p l a t i n g  
s o l u t i o n  was poured  in to  th e  end p l a t e .  An anode was then  p laced  in  
th e  s o lu t i o n  and moved around u n t i l  the  p l a t i n g  was com plete .
Whenever t r e e in g  o c c u r re d ,  the  t r e e  was knocked lo o se  by a 
p o ly e th y le n e  r o d ,  o r  by f i r s t  reduc ing  the  p l a t i n g  c u r r e n t  and 
knocking th e  t r e e  lo o se  w i th  the  anode. The anode used  to p l a t e  the 
c a v i ty  was s e m ic i r c u la r  i n  shape , whereas th e  anode used  to  p l a t e  the 
top  p l a t e  was p e n c i l - s h a p e d  w ith  a b lu n t  end.
A good d e p o s i t  was considered  to be the  one w ith  a s a t i n
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f i n i s h .  Tho p l a t i n g  timo usod was app rox im ate ly  20 m in u te s ,  more i f  
needed o r  i f  t r o u b le  w ith  t r e e in g  o c c u r r e d ,  and th o  c u r r e n t  had to bo 
red u ced .  This  would g iv e  a p l a t e  s u r f a c e  o f  app rox im ate ly  0 .010 to 
0 .020  in c h e s .  T h is  was v e r i f i e d  by weighing th e  p a r t  b e fo re  and a f t e r  
p l a t i n g .  With tho  knowledge o f  th e  s u r f a c e  a re a  and th e  d e n s i ty  o f  l e a d ,
th e  v a lu e  o f  p l a t i n g  th ic k n e s s  was de te rm ined .  The th i c k e r  p l a t e  was
d e s i r a b l e  because  th e  c le a n in g  p ro c e ss  removed c o n s id e ra b le  l e a d .
Once th e  d e s i r e d  amount o f  p l a t i n g  was o b ta in e d ,  th e  su r fa c e  
had to  be d r i e d  and p a s s iv a t e d .  A f te r  the  p a r t  was removed from th e  
p la c in g  s o l u t i o n ,  o r  a f t e r  pouring  th e  s o lu t i o n  o u t  o f  th e  p a r t ,  
w hichever th e  case  may have been , tho p a r t  was th o rough ly  washed in  
f low ing  d e io n ized  w a te r ,  Tho p a r t  was then  washed in  Versene by 
a l low ing  i t  to  s i t  i n  the  s o lu t io n  f o r  3 m in u tes .  A f te r  t h i s  p e r io d  
o f  t im e ,  tho p a r t  was ag a in  washed in  flow ing  d e io n iz e d  w ate r  and 
p la c e d  in  a b s o lu te  e th y l  a lcoho l f o r  d ry in g .  F i n a l l y ,  the  p a r t  was 
d ipped in  ace tone  and then  d r ie d  by blowing dry  n i t r o g e n  over i t .
The Versene s o lu t i o n  was p repared  acco rd ing  to th e  fo llow ing  form ula;
Versene 100 l4 0 c c
Pure  Water 7000cc
ME Dry Duponol 5gm
Severa l p r e c a u t io n s  had to be o b se rv ed .  F i r s t ,  th e  ace tone 
had to  be f r e s h  and m o is tu re  f r e e ,  and s t a i n in g  o f  the  le a d  s u r fa c e  had 
to  be k e p t  to a minimum. I f  too much s t a i n in g  o c c u r re d ,  th e  p a r t  had 
to  be washed in  Versene long enough to remove th e  s t a i n ,  then  washed
74
in  w a to r ,  a lco h o l»  and acoCono» and driod»  in  o rd o r  Co e n t i r e l y  remove 
tho  s t a i n .
O ccas io n a l ly »  i t  was n e c e s s a ry  to co m ple te ly  s t r i p  tho le a d  
p l a t e  from th o  c a v i t y .  This was done by p la c in g  tho p a r t  in  a 
s o l u t i o n  o f  a c e t i c  a c id  and hydrogen p e ro x id e  p rep a red  acco rd ing  to tho 
fo l lo w in g  fo rm u lâ t
80% A c e tic  Acid 100%
20% Hydrogen P ero x id e  30%
I f  th e  p a r t  was to be r e p la te d »  i t  had to  bo c lean ed  in  the  B r ig h t  Dip 
and th e  p l a t i n g  p ro c e s s  r e s t a r t e d  from th e  b e g in n in g .
C o n s id e rab le  c a re  was ta k en  when h a n d l in g  th e  le a d  p la te d  
p a r t s »  f o r  n a t u r a l  o i l  from a p e r s o n 's  hand would cause  o x id i z a t i o n  
o f  th e  le a d  s u r f a c e .  However» i t  was known t h a t  th e  le a d  p l a t e  would 
s ta n d  th e  h e a t  o f  s o ld e r in g  w i th o u t  v i s i b l e  d e g ra d a t io n  o f  th e  su rface»  
so t h a t  j o i n in g  th e  c a v i ty  to g e th e r  p re s e n te d  no problem .
4 .5  P r e p a r a t io n  o f  th e  R a d io a c t iv e  Source
The r a d i o a c t i v e  source  chosen was ca rbon -14 ,  which i s  a source  
o f  l56KeV b e t a s .  This  source  was p rep a red  by e v a p o ra t in g  a 
c a rb o n a te  s o l u t i o n  onto  a p o ly e th y le n e  w a fe r ,  whose c e n te r  had been 
hollowed o u t . • The d iam ete r  o f  t h i s  w afer (o r  d i s c )  was approx im ate ly
1 c e n t im e te r ,  so chosen because i t  had to f i t  in  the  r e c e s s  o f  th e
c a v i ty  top  end p l a t e .
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Sovoral d rops  o f  tho ca rbona ted  s o lu t i o n  wore p la ced  in  tho 
hollowed s e c t i o n  o f  tho  w a fe r ,  and th e  h e a t  from a sun lamp was used  to 
e v a p o ra te  th e  s o l u t i o n .  This p ro c e ss  was r e p e a te d  tw ic e .  In  
accordance  w ith  th e  w ishes  o f  tho H ea lth  P h y s i c i s t ,  the sou rce  was 
covered  w ith  a p ie c e  o f  ce l lo p h an e  p a p e r .  A s k e tc h  o f  th e  so u rce  i s  
shown in  F ig u re  4 -7 ,
,14.
Ï Z f
-teuLo fin/g/t/g' Pt9pe& 
-HoLDeK
F ig u re  4 -7 ,  The R a d io a c t iv e  Source
4 . 6  The E f f e c t  o f  C av ity  Geometry on R a d ia t io n  I n t e n s i t y
R a d ia t io n  i s  e m i t te d  from a r a d i o a c t i v e  sou rce  in  a l l
d i r e c t i o n s .  The f r a c t i o n  G o f  r a d i a t i o n  which e n t e r s  th e  window o f  a
c o u n te r  i s  a f u n c t io n  o f  tho  r a d iu s  r  of the  window and the  d i s ta n c e  h
from th e  p o in t  so u rc e  o f  r a d i a t i o n  to  th e  window. G, which i s  c a l l e d
th e  geometry f a c t o r ,  i s  equal to th e  r a t i o  o f  the  a re a  S on th e  sphere
e n c lo se d  by th e  window to  th e  a rea  o f  a whole s p h e r e . S e e  F ig u re  4 -8 ,
5 o u A C (T .
Cpvsrf)^
F ig u re  4 -8 .  C ounter Window
76
Therefore
-
4nd^
(4 -6 )
Cho a re a  en c lo se d  by Che window i s  g iven  by
S -  2d% (l-cos8  )
th e r e f o r e  G becomes
2
2 n d  (1-cosA)G -   =-------
4nd^
o r  e x p re s s in g  cosG in  term s o f  h and d
1-00 90
(4-7)
(4 -3)
>■!
Now th e  whole an g le  sub tended  by the  window i s
,2H S /d '
(4 -9)
(4-10)
and th e  a re a  o f  the  whole sphere  i s  A*4nd , whereas th e  s o l i d  ang le  i s
o 2
4nd /d  -  4 n s t e r a d i a n s .  Thus the  r e l a t i o n s h i p  between G and H 
becomes
G -  H/4n (4-11)
I f  th e  window i s  sm all compared to  d and h ,  th en  d i s  approx im ate ly  
equal to  h ;  th e r e f o r e
G -
n r^ (4-12)
4nd 4d ^
For an en c lo se d  p ro p o r t io n a l  system , th e  geom etry f a c t o r  G i s  one h a l f .  
For th e  c a v i ty  d e t e c t o r ,  th e  geometry f a c t o r  w i l l  be d i f f e r e n t .
F ig u re  4 -9  shows th e  arrangem ent o f  th e  sou rce  to  c r y s t a l ,  from which 
th e  geometry f a c t o r  may be c a l c u l a t e d .  Note t h i s  c a l c u l a t i o n  assumes a 
p o in t  so u rce  geom etry .
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F ig u re  4 - 9 ,  C av ity  G F a c to r  Diagram 
Hence from F ig u re  4 -9 ,  r  -  1 /16  inch and d -  h -  5/32 in c h ,  and from 
e q u a t io n  (4 -1 2 ) ,  th e  G f a c t o r  i s  0 ,0 4 ,
T his  means t h a t  whereas a p ro p o r t io n a l  co u n te r  can "see"  50% 
o f  th e  r a d i a t i o n ,  the  c a v i ty  w i l l  o n ly  see  4% of th e  r a d i a t i o n  a c t u a l l y  
p r e s e n t .  O ther  e f f e c t s ,  such as  back s c a t t e r ,  w i l l  be ignored  f o r  now,
4 ,7  P r e p a r a t io n  o f  the  Cadmium S u lf id e
The aluminum doped cadmium s u l f i d e  came from th e  s u p p l i e r  as  
an i r r e g u l a r l y  shaped c r y s t a l  approx im ate ly  1 ,5 x  1 ,5  x 0 ,2  cm. From 
t h i s  p i e c e ,  a c r y s t a l  w afer  5/16 inch  i n  d iam eter  and 0,2cm th ic k  was 
c u t ,  À c r y s t a l  o f  th e s e  d im ensions would f i t  b e s t  on the  r e - e n t r a n t  
s tu b  o f  th e  c a v i ty .  This  w afer was c u t  from th e  su p p lie d  c r y s t a l ,  
u s in g  an u l t r a s o n i c  g r in d e r  and a s p e c ia l  t o o l .
The s p e c ia l  to o l  c o n s i s te d  o f  a p ie ce  o f  5/16 inch ID copper 
t u b in g ,  one q u a r t e r  o f  an inch  long^ so ld e re d  to  th e  c u t t in g  head o f  th e  
u l t r a s o n i c  g r i n d e r ,  A p re l im in a ry  c u t  was made on a g la s s  m ic ro s l id e  
to  see  i f  th e  to o l  would work, and then  th e  c u t  was made on th e  c r y s t a l .
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No d i f f i c u l t y  WAS e x p e r ien ced  in  c u t t in g  th e  c r y s t a l »  b u t  as the
c r y s t a l  was removed from th e  t o o l ,  p o r t  o f  an edge f e l l  away. Tho
c r y s t a l  s u f f e r e d  o n ly  minor damago. In  f u t u r e  c r y s t a l  c u t t i n g ,  tho
22
method usod by Hinds i s  recommended. Hinds would c u t  h i s  c r y s t a l s  
p a r t  way and remove th e  c u t t i n g  t o o l ,  then f i n i s h  tho c u t  w ith  a 
sh a rp  r a z o r  b la d e .  T h is  seems to bo a good way o f  red u c in g  edge 
damage to  th e  s o f t  cadmium s u l f id o  c r y s t a l .
A f te r  th e  c r y s t a l  had been c u t ,  i t  was lapped  w ith  f i n e  grade 
la p p in g  compound on b o th  s i d e s .  The c r y s t a l  was then  thoroughly  
c le a n e d ,  u s in g  d e io n iz e d  w a te r ,  and allow ed to  d ry .  F in a l ly ,  i t  was 
s to r e d  u n t i l  needed . A f te r  the  f i n a l  wash, i t  was handled  o n ly  w ith  
tw eeze rs .
4 .8  D ete rm in a t io n  o f  th e  C ry s ta l  p a ram eters
The im p u r i ty  type  was determ ined u s in g  th e  Seebeck e f f e c t .
A p ie c e  o f  th e  i r r e g u l a r  c r y s t a l  was p la ced  between two indium coated
copper p l a t e s  which were in s u la te d  from each o th e r  and which could  be
clamped t i g h t l y  t o g e th e r .  One o f  the  copper p l a t e s  was cooled by i c e ,
and th e  o th e r  was h e a te d ,  u s in g  a s o ld e r in g  gun. The p o t e n t i a l
d i f f e r e n c e  between th e  two p l a t e s  was due to therm al d r i f t  o r  the
c a r r i e r s  i n  the  c r y s t a l .  This p o t e n t i a l  d i f f e r e n c e  was measured us ing
44a K e i th le y  600A E le c t ro m e te r ,  According to  th e o ry ,  i f  the  h o t  end i s  
p o s i t i v e  w ith  r e s p e c t  to  the  co ld  end, then  the  c r y s t a l  i s  N -type .
I f  th e  h o t  end i s  n e g a t iv e ,  then th e  c r y s t a l  i s  P - ty p e .  The c r y s t a l
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was found Co bo p -cyp o .
Ttto c r y s ta l raco was ro ta ted  26° from tho 001 piano towaros
tho 102 p ian o , and tho l a t t i c e  spacing waa normal. Tho aluminum
doping was found to bo 0.0266%. Tho l i t e r a tu r e  showed th a t tho crap
12le v e l  duo to aluminum doping was 0.03oV bolow tho conduction  band.
6 .9  Rosot Method
As m entioned in  c h a p te r  two (2 - 7 ) ,  th e re  a ro  fo u r  methods o f  
r e s e t t i n g  th e  c r y s t a l :  h e a t in g  to 200°K, i n f r a r e d ,  ta p  e f f e c t ,  and
e l e c t r i c  f i e l d s .  Because o f  th e  d i f f i c u l t y  o f  p la c in g  an e l e c t r i c  
f i e l d  o f  s u f f i c i e n t  i n t e n s i t y  i n  the  c a v i t y ,  o r  o f  o b ta in in g  i n f r a r e d  
in s id e  th e  c a v i t y ,  o n ly  two methods o f  r e s e t t i n g  th e  c r y s t a l  were used : 
h e a t ,  and m echanical ta p p in g .
Heat was a p p l ie d  to  the  c r y s t a l  by p la c in g  a 24 ohm 2 w a t t  
wirebound r e s i s t o r  up th e  c e n te r  o f  th e  hollow  r e - e n t r a n t  s tu b .
V oltage was a p p l ie d  to i t  whenever r e s e t  was r e q u i r e d .  T h is  method 
proved to be s u c c e s s f u l ,  a l though  i t  was n o t  used  v e ry  o f t e n  s in c e  i t  
caused u n d e s i r a b l e  b o i l i n g  away o t  the  l i q u i d  he l ium . Tlie 
m echanical v i b r a t i o n  proved to be e a s i e r  and c h e a p e r ,  s in c e  the  c r y s t a l  
cou ld  be r e s e t  s im ply  by banging on the  header assem bly.
The m echanical v i b r a t i o n  method o f  r e s e t t i n g  th e  c r y s t a l  was un­
f o r tu n a t e  i n  some r e s p e c t s ,  because every  time l i q u i d  helium  o r  l i q u i d  
n i t r o g e n  was added to  the Dewars, th e  c r y s t a l  was v i b r a t e d ,  thus  
caus ing  p a r t i a l  r e s e t .  F u r th e r  d isad v an tag es  were t h a t  no
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c lu n s ln o sa  cou ld  bo to lo ra k o d  n ea r  tho Dowar s t a n d ,  f o r  oven a 
s l i g h t  ta p  would p a r t i a l l y  r e s e t  tho c ry s ta l#
- CHAPTER V 
EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION
5.1  I n t r o d u c t io n
S ince  s e v e ra l  d i f f e r e n t  te c h n iq u e s  o f  in s t ru m e n ta t io n  wore 
used  i n  conduc ting  t h i s  e x p e r im en t ,  and s in c e  in  each case  tho c ry o ­
gen ic  te c h n iq u e s  were the  same, t h i s  c h a p te r  w i l l  be d iv id ed  in to  two 
p a r t s .  The f i r s t  p a r t  w i l l  d is c u s s  th e  c ry o g en ic  te c h n iq u e s ,  and the 
second p a r t  w i l l  d is c u s s  tho  v a r io u s  te c h n iq u e s  o f  in s t ru m e n ta t io n  used .
5 .2  Cryogenic Techniques
TIio assembled c a v i ty  was p la ced  i n s i d e  the  Dewar system as  
shown i n  F ig u re  5 -1 ,  The in n e r  Dewar was to  c o n ta in  l i q u i d  he l ium , 
and th e  o u te r  Dewar l i q u i d  n i t r o g e n .  T h is  arrangem ent o f  Dewars was 
used b ecause  l i q u i d  n i t r o g e n  i s  r e l a t i v e l y  in e x p en s iv e  and b o i l s  a t  
77°K. The much more expensive  l i q u i d  he lium  would o n ly  see  a 
te m p era tu re  g r a d ie n t  o f  73°K, w hereas th e  n i t r o g e n  would have a 
te m p era tu re  g r a d ie n t  o f  app rox im ate ly  233°K, depending on room 
te m p e ra tu re .  The s i l v e r - c o a t e d  evacua ted  Dewars would a lso  se rv e  to 
c u t  down on th e  h e a t  l o s s  to th e  system ,
A m echanical pump was f i r s t  used  to  evacua te  the vacuum space 
between the  w a l l s  o f  th e  in n e r  Dewar through  cock D, While t h i s  was
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ta k in g  p la c o ,  tho s t a i n l e s s  s to o l  t r a n s m is s io n  l i n o s  wore p u t  in  p laco  
and a l l  vacuum s e a l s  wore t i g h te n e d .  N ext, tho c a v i ty  and tho in s id o  
s e c t i o n  (a) o f  tho  in n e r  Dewar woro ev ac u a ted ,  u s in g  two’ mechanical 
pumps and open ings  C and D. These a re a s  were then  f lu s h e d  w ith  puro 
dry  gaseous he lium . Tho c a v i ty  and the in s id e  s e c t io n  (A) were 
ag a in  exhaus ted  and f lu s h e d  w ith  d ry  gaseous he lium . This  
f lu s h in g  o f  the  c a v i ty  and in s id e  s e c t io n  (A) o f  the  Dawar was 
n e c e s s a ry  in  o rd o r  to remove a l l  s ig n s  o f  w ater  v ap o r ,  o th e rw is e  w ater  
would condense and f r e e z e  in s id e  th e  c a v i ty ,  in s id e  tho  s t a i n l e s s  
s t e e l  s u p p o r t  l i n e s  -  th u s  f r e e z in g  the  t ra n s m is s io n  l i n e s  in  p la c e  -  
o r  on th e  in s id e  w a l l s  o f  the  Dewar, making i t  d i f f i c u l t  to run  th e  
experim en t .
Once the  system was f lu s h e d ,  a s l i g h t  p o s i t i v e  p re s s u re  o f  
helium  gas was m a in ta in ed  on th e  c a v i ty  and in n e r  s e c t io n  (A) o f  the  
Dewar assem bly . L iq u id  n i t r o g e n  was then added to the  o u t e r  Dewar, The 
l i q u i d  n i t r o g e n  was allow ed to p recoo l t h e  in n e r  Dewar and c a v i ty  f o r  
fo u r  to s i x  h o u rs .  The l a t t e r  p e r io d  was p r e f e r r e d ,  b u t  fou r  hours 
was a minimum tim e p e r io d .  The l i q u i d  n i t r o g e n  le v e l  was m a in ta ined  
as h igh  as p o s s i b l e .  The p o s i t i v e  gaseous helium  p re s s u re  was a lso  
m a in ta in e d .  During the  f i r s t  hour o f  the  p re c o o l in g  p e r io d ,  the 
n i t r o g e n  l e v e l  had to be * 'to p p ed -o ff" ,  o r  b rough t back to  i t s  p r e ­
f e r r e d  l e v e l ,  ev e ry  twenty m in u te s .  During th e  n e x t  h o u r ,  the  n i t r o g e n  
l e v e l  had to  be to p p e d -o f f  every  t h i r t y  m in u te s ,  and during  the  f i n a l  
hours o f  the  p re c o o l in g  time p e r io d ,  t o p - o f f  was o n ly  n e c e s s a ry  every  
h o u r .  Each time th e  n i t r o g e n  was to p p e d -o f f ,  th e  helium  p re s s u re
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was choclcod and , i f  n e c e s s a r y ,  more helium  was added Co Che system  Co 
m a in ta in  a p o s i t i v e  p r e s s u r e .
At th e  end o f  th e  p ro co o lin g  p e r io d ,  tho l i q u i d  helium  was 
t r a n s f e r r e d  in to  th e  in n e r  Qewar u s in g  a f l e x i b l e  l i q u i d  helium  
t r a n s f e r  tube  which had been evacuated  and f lu s h e d  w ith  d ry  helium 
b e fo re  i t  was u se d .  L iq u id  helium  would beg in  to c o l l e c t  in s id e  the  
in n e r  Dewar a f t e r  one m inute i f  the  lo n g e r  p re c o o l in g  tim e had been 
u se d ,  o r  a f t e r  th r e e  m inu tes  i f  th e  s h o r t e r  timo p e r io a  had been used .
The c a v i ty  was then  allow ed to  s t a b i l i z e  f o r  abou t f i f t e e n  
m inu tes  b e fo re  i t  was co n s id e re d  to  have reached  therm al e q u i l ib r iu m .  
AC t h i s  p o i n t ,  th e  experim en ta l  measurements d e s c r ib e d  in  the  
fo l lo w in g  s e c t i o n s  could  p ro ceed .  A f te r  exp e r im en ta l  measurements 
were com pleted , th e  c a v i ty  was b rough t up to room te m p era tu re  by 
a l lo w in g  th e  l i q u i d  n i t r o g e n  and helium  to b o i l  o f f .  p re c a u t io n s  
were taken  so t h a t  w a te r  vapor d id  n o t  e n t e r  th e  system d u ring  
warm-up,
5 .3  In s t ru m e n ta t io n  Method Number I
A b lock  diagram o f  th e  f i r s t  method o f  in s t ru m e n ta t io n  i s  
shown in  F ig u re  5-2 on page 85, This method was made n e c e ss a ry  
because th e  o n ly  f requency  co u n te r  a v a i l a b l e  was a 0-5 MHz c o u n te r .
The c a v i ty  was d r iv e n  by an HP b08E o s c i l l a t o r .  P a r t  o f  th e  o u tp u t  
o f  t h i s  o s c i l l a t o r  was mixed w ith  the  o u tp u t  o f  a phase locked 
HP 608F ( s t a b i l i t y  2 p a r t s  in  lO ^sec) and the  d i f f e r e n c e  frequency
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F ig u re  5 -2 ,  In s t ru m e n ta t io n  System Number I
was a p p l ie d  to  th e  G .R ,c o u n te r .  The o u tp u t  frequency  o f  th e  HP bOBE 
was then  v a r i e d  u n t i l  i t  was e x a c t ly  a t  th e  r e s o n a n t  frequency  o f  th e  
c a v i ty .  T h is  was accom plished by a d ju s t in g  th e  frequency  o f  the  
HP 608E u n t i l  a maximum was n o te d  on th e  scope . This o s c i l l a t o r  was 
th e n  peaked every  te n  m inu tes  and th e  re a d in g  o f  th e  G .R .coun te r  ( th e  
d i f f e r e n c e  f requency  o f  th e  60BF and bOBE) was re c o rd e d .  The 
o p e r a t in g  frequency  o f  th e  bOSF o s c i l l a t o r  was a lso  re c o rd e d ,
5 ,4  In s t ru m e n ta t io n  Method Number 2
A b lock  diagram o f  th e  second in s t ru m e n ta t io n  system used  appea rs  
on page 86 in  F ig u re  5 -3 ,  This  method was used  because th e  HP 608E 
was u n a v a i la b le  a t  th e  t im e ,  and a lso  because  i t  was hoped
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F ig u re  5 -3 ,  I n s t ru m e n ta t io n  System Number 2
t h a t  e a s i e r  ad ju s tm en t  o f  th e  c a v i ty  d r iv in g  fo r c e  would be p o s s i b l e .  
The p rim ary  advan tage  was t h a t  the  G . R , o s c i l l a t o r  g e n e ra te d  a t  lower 
f r e q u e n c ie s ,  which c o u ld  be counted w ith  th e  5 MHz c o u n te r .  The 
o u tp u t  o f  th e  G .R . o s c i l l a t o r  and th e  HP 608F were mixed and a p p l ie d  to 
th e  c a v i t y .  The frequency  o f  th e  HP 608F and th e  G . R . o s c i l l a t o r  were 
so chosen t h a t  th e  d i f f e r e n c e  freq u en cy  was th e  r e s o n a n t  f requency  o f  
th e  c a v i t y .  As th e  f requency  o f  the  c a v i ty  v a r ie d  due to r a d i a t i o n ,  
th e  frequency  o f  th e  G .R . o s c i l l a t o r  was v a r i e d .  The a d ju s tm en t o f  the  
G .R , o s c i l l a t o r  was made so t h a t  th e  o u tp u t  seen  on th e  spectrum  
a n a ly s e r  was maximized. The v e c to r  v o l tm e te r  was used  to o b t a i n  40 db 
o f  d eco u p lin g .
The HP v e c to r  v o l tm e te r  has  two in p u t  c h a n n e ls ,  A and B, 
w ith  which i t  i s  p o s s ib le  to  measure v o l t a g e  d i f f e r e n c e s .  Channel A
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was p la c e d  on tho  in p u t  s id e  of th e  c a v i ty  and channel B was p laced  
on th e  o u tp u t  s id e  o f  the  c a v i ty .  The c a v i ty  was then  l i g h t l y  
co u p led ,  and tho  v o l t a g e  d i f f e r e n c e  between th e  in p u t  and o u tp u t  
te rm in a l s  was n o te d .  Tho in p u t  and o u tp u t  t r a n s m is s io n  l i n e s  were 
then  a d ju s te d  so t h a t  an a d d i t io n a l  60 db d i f f e r e n c e  i n  v o l ta g e  
between th e  two te rm in a ls  was o b ta in e d .  The in p u t  t ra n s m is s io n  l i n e  
was a d ju s te d  to  o b t a in  20 db d i f f e r e n c e ,  th e n  tho o u tp u t  l i n e  was 
a d ju s te d  to o b t a i n  the  t o t a l  o f  40 db,
5 ,5  In s t ru m e n ta t io n  Method Number 3
A b lo c k  diagram o f  th e  t h i r d  method o f  in s t ru m e n ta t io n  i s  
shown in  F ig u re  5 -4 ,  below.
B o o t o / v  RF 
Rtup
F ig u re  5 -4 ,  In s t ru m e n ta t io n  System Number 3 
In  t h i s  c a s e ,  th e  c a v i ty  was used as  the  feedback elem ent in  an
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o s c i l l a t i n g  c lo so d - lo o p  system . Tho o u tp u t  froquoncy o f  tho  c a v i ty  
was mixed w ith  tho o u tp u t  o f  tho phaso-lockod HP 608F, and tho 
d i f f e r e n c e  frequency  was measured by th e  G .R .co u n te r .  As tho 
re s o n a n t  f requency  o f  th e  c a v i ty  changed, tho  band w id th  o f  tho RF 
a m p l i f i e r  had to be peaked , and th e  now o s c i l l a t i o n  frequency  
measured. The r e a l  drawback to t h i s  system was th e  l a r g e  amount o f  
RF energy d i s s ip a t e d  in  the  c a v i t y ,  which caused tho  l i q u i d  helium  to 
b o i l  o f f  a t  a va ry  f a s t  r a t e ,
5-6 In s t ru m e n ta t io n  Method Number 4
A b lock  diagram o f  th e  f o u r th  method o f  in s t ru m e n ta t io n  i s  
shown in  F ig u re  5 -5 ,  below.
HP i o a  F
F ig u re  5 -5 .  In s t ru m e n ta t io n  System Number 4
In  t h i s  system , th e  HP 608F was phase- locked  to  th e  c a v i ty  and i t s  
s ig n a l  was allow ed to  change as the  c a v i ty  r e s o n a n t  frequency  changed. 
This  system ta k es  advantage o f  the  sharp  change in  phase  o f  a s ig n a l
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a b o u t  t h o  r e s o n a n t  f r e q u e n c y .  T h e  f r e q u e n c y  o f  t h e  s y s t e m  w a s  
m e a s u r e d  d i r e c t l y ,  u s i n g  a  t r a n s f e r  o s c i l l a t o r  a n d  a  c o u n t e r .  A s  t h e  
C a v i t y  r e s o n a n t  f r e q u e n c y  c h a n g e d ,  t h e  p h a s e  r e l a t i o n s h i p  b e t w e e n  t h e  
i n p u t  s i g n a l  t o  t h e  c a v i t y  a n d  t h e  o u t p u t  s i g n a l  o f  t h e  c a v i t y  w o u l d  
a l s o  c h a n g e .  T h i s  c h a n g e  w a s  s e n s e d  i n  t h e  m i x e r  w h i c h  w a s  n o w  
o p e r a t i n g  a s  a  p h a s e  d e t e c t o r .  T h e  c h a n g e  t h u s  a p p e a r e d  a s  a  DC 
v o l t a g e .
The DC v o l ta g e  was a m p l i f ie d  in  an o p e r a t io n a l  a m p l i f i e r ,  and 
th e  o u tp u t  v o l ta g e  was d i r e c t l y  coupled  to  a t r a n s i s t o r  a m p l i f i e r  
which drove th e  HP 608F, The t r a n s i s t o r  a m p l i f i e r  was so designed  
as  to d r iv e  th e  HP 608F, which responded to  v o l t a g e  changes from 
0 to -50 v o l t s  (DC) w ith  a 4K in p u t  impedance. Thus when the  
c a v i ty  and HP 608F were o p e ra t in g  a t  the  same f requency  and th e r e  was 
no phase e r r o r  in  th e  s i g n a l s ,  th e  t r a n s i s t o r  a m p l i f i e r  would p u t  o u t  -15 
v o l t s .  As th e  f requency  o f  o s c i l l a t i o n  changed, i t  was re c o rd e d .
This  system  o f  measurement was by f a r  th e  most s u p e r io r ,  s in c e  
i t  responded to  a change i n  phase . The change in  phase was much 
e a s i e r  to  o b se rv e  than  th e  co rrespond ing  change in  am p li tu d e .
Secondly , th e  system  i t s e l f  would a u to m a t ic a l ly  fo l lo w  th e  changing 
re s o n a n t  f req u e n c y ,  th u s  reducing  th e  chance o f  experim en ta l e r r o r ,  as 
r e f l e c t e d  in  a  r e d u c t io n  o f  the  s c a t t e r  o f  th e  d a ta .
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CHAPTER VI
RESULTS, CONCLUSIONS, AND RECOMMENDATIONS
6,1  R e su l t s
The r e s u l t s  o f  the  experim en ts  a r e  shown in  f i g u r e s  6-1 a and b ,
6-2 a and b ,  6 -3 ,  and 6-A a and b .  The d a ta  o f  f i g u r e  6-1 were ta k e n  on
the  exp er im en ta l  run  making u se  o f  th e  f i r s t  In s t ru m e n ta t io n  method.
The d a ta  o f  f i g u r e  6-2  were taken  some «time l a t e r  u s ing  th e  second 
method o f  in s t r u m e n ta t io n .  That o f  f i g u r e  6-3 were taken u s in g  th e  
t h i r d  method. Note t h a t  in  t h i s  p a r t i c u l a r  experim en ta l ru n ,  th e  l i q u i d  
helium b o i l e d  o f f  v e ry  q u ic k ly ,  as  e x p la in e d  in  s e c t i o n  5 -5 ,  a l low ing  
o n ly  one s e t  o f  d a ta  to be ta k e n .  F i n a l l y ,  the  r e s u l t s  shown in  f ig u r e
6-4  were taken  u s in g  the  fo u r th  In s t ru m e n ta t io n  method.
I t  shou ld  be obv ious im m ediate ly  t h a t  none o f  the  s lo p e s  i s  th e
same in  th e  fo u r  f i g u r e s .  This i s  u n f o r tu n a t e ,  because  th e  r e s u l t s
shou ld  be r e p e a t a b l e ;  however, the  r e a s o n s  t h a t  th e  d a ta  i s  n o t  r e p e a t -  
ab le  a re  s im p le .  Between each o f  th e  ex perim en ta l  runs  used  to r e c o rd  
d a t a ,  the  c a v i ty  was opened , th e  le a d  p l a t e  checked and then  r e s e a l e d .  
Each time th e  c a v i ty  was opened and r e s e a l e d ,  the  Woods m etal s e a l  had 
to  be h e a te d ,  w ith  th e  r e s u l t  t h a t  th e  r a d io a c t i v e  source  was h ea ted  
a l s o .  The r a d i o a c t i v e  carbon 14 so u rc e  was in  th e  chemical form o f  a
n
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c a rb o n a te ,  and th e  h e a t  caused th e  source  to decompose chem ica lly  in to  an 
o x id e  and carbon  d io x id e .  The r e s u l t  o f  the  chem ical decom position  was 
to reduce th e  o v e r a l l  r a d i o a c t i v i t y  o f  the  so u rc e .
F ig u re  6-5 shows the  r a d i a t i o n  c h a r a c t e r i s t i c  o f  th e  source  j u s t  
a f t e r  i t  was p re p a re d .  The d a ta  were taken  in  a gas p ro p o r t io n a l  system . 
F ig u re  6-6 shows th e  r a d i a t i o n  c h a r a c t e r i s t i c  a f t e r  the  sou rce  had been 
h ea ted  fo u r  tim es  ( t h a t  i s ,  the  c a v i ty  had been opened and r e s e a le d  
tw ic e . )  The d a ta  were taken  in  the  same p r o p o r t io n a l  system .
The c a v i t y  and sou rce  were h ea ted  f i r s t  when th e  c a v i ty  was 
s e a le d  f o r  th e  f i r s t  r u n .  Very l i t t l e  h e a t  was u sed  because  the  Woods 
m etal s e t  up v e ry  n i c e l y  in  a  f r e s h  j o i n t ,  Tlie d a t a  f o r  experim en ta l 
runs  1 and 2 were then  ta k e n .  The equipment was l a t e r  r e a d ju s t e d  to take  
ex perim en ta l  run  3 ;  however, the  cadmium s u l f i d e  c r y s t a l  was j a r r e d  o f f  
the  r e - e n t r a n t  s tu b .  (This  i s  r e p o r te d  in  s e c t i o n  6 - 2 . )  The c a v i ty  had 
to be opened in  o rd e r  to  r e p la c e  the  sem iconductor c r y s t a l .  The f i r s t  
time the  c a v i ty  was opened , c o n s id e ra b le  d i f f i c u l t y  was encountered  and 
th e  c a v i ty  was i n t e n s e l y  h e a te d .  The second time th e  c a v i ty  was s e a le d ,  
in te n s e  h e a t in g  was needed in  o rd e r  to  g e t  the  c a v i t y  top  p l a t e  to s e t  
down in s id e  th e  w e ll  ( see  f i g u r e  4 - 3 . )  T h e re fo re ,  between ru n s  1 and 2 , 
and ru n s  3 and 4 ,  th e  c a v i ty  was in t e n s e ly  h e a te d  tw ic e .  The second 
time the  c a v i ty  was opened , very  l i t t l e  h e a t  was u sed  due to  ex p er ien ce  
ga ined  d u r in g  th e  p rece d in g  opening and s e a l i n g  o p e r a t i o n s .
The i n t e n s i t y  o f  the  so u rc e ,  as  measured by a gas  p ro p o r t io n a l  
system on th e  b e t a  p l a t e a u ,  dropped from 16,200 cpm (co u n ts  p e r  m inute)
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to 6 ,500  cpm a f t e r  be ing  heated»  Now r e c a l l  th e  e x p la n a t io n  r e g a rd in g  
h e a t in g  o f f e r e d  in  th e  p rece d in g  p a ra g ra p h ,  and assume th e  sou rce  to be 
a t  a lm ost f u l l  s t r e n g t h  f o r  ru n s  1 and 2 ,  i e . ,  16 ,200 cpm, and a t  minimum 
s t r e n g t h ,  i e , ,  6 ,500  cpm, f o r  ru n s  3 and 6 ,  This means t h a t  th e  i n t e n s ­
i t y  had dropped by 72%, The s lo p e  o f  the  f req u en cy  s h i f t  f o r  ru n s  1 and 
2 i s  620 Hz/min, and th e  s lo p e  f o r  ru n s  3 and 6 i s  130 Hz/rain, o r  a 
change o f  79%; t h i s  shows f a i r l y  c lo s e  c o r r e l a t i o n  between the  d a ta  and 
th e  r e s u l t s .  The assum ptions  on how h e a t in g  a f f e c t s  the  source  a re  some­
what g r o s s ,  s in c e  th e r e  i s  no way to know e x a c t ly  how much h e a t  was ap­
p l i e d ,  The d a ta  does show, however, t h a t  a s  the  r a d i a t i o n  f l u x  f a l l s  
o f f ,  so does th e  change in  f req u e n c y .  Even w ith o u t  th e se  assum ptions ,  
th e  f requency  s h i f t  i s  r e l a t e d  to the  r a d i a t i o n  f l u x  as  p r e d i c t e d ,  (The 
l i n e a r i t y  o f  th e  s h i f t  can o n ly  be su rm ised ,  a l th o u g h  the  th e o ry  shows 
t h a t  th e  s h i f t  shou ld  be l i n e a r , )
The a d d i t i o n a l  d i f f e r e n c e  between th e  two ru n s  can be accounted  
f o r  by th e  f a c t  t h a t  th e  c a v i ty  top  end p l a t e  cou ld  n o t  be p la c e d  as 
n e a r  to th e  r e - e n t r a n t  s tu b  f o r  ru n s  3 and 6 as  f o r  ru n s  1 and 2 because  
th e  Woods m eta l would n o t  p e rm it  the  p l a t e  to  p u l l  i n  p la c e  com ple te ly  
in  th e  w ell  (a s  e x p la in e d  p r e v io u s l y . )  This  would change d i s t a n c e  B (see  
f i g u r e  6 - 2 ) ,  which in  tu rn  changed the  e l e c t r i c a l  p r o p e r t i e s  o f  the  
c a v i t y .  This  e x p la in e d  in  th e  n e x t  p a ra g ra p h .
I t  shou ld  be p o in te d  o u t  t h a t  th e re  a re  two geometry f a c t o r s  i n ­
vo lved  in  th e  c a v i t y .  One i s  th e  n u c le a r  r a d i a t i o n  (G) geometry f a c t o r ,  
a s  e x p la in e d  in  s e c t i o n  6 , 6 ;  and th e  o th e r  i s  the  e le c t ro m a g n e t ic  (K) 
geometry f a c t o r ,  as  d e f in e d  in  e q u a t io n  (3 -5 8 ) ,  Any change, however 
m ino r ,  in  th e  d im ensions o f  th e  c a v i ty  w i l l  a l t e r  th e  K f a c t o r .  The
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G f a c t o r  r e l a t e s  th e  amount o f  r a d i a t i o n  g iven  o u t  by th e  source  to  th e  
amount o f  r a d i a t i o n  seen by the  c r y s t a l ,  o r  d o s im e te r .  In  the  case  o f  
a gas p ro p o r t io n a l  c o u n te r ,  t h i s  f a c t o r  may be as  h ig h  as  50%; in  the  
Case o f  th e  c a v i ty  th e  f a c t o r  i s  4% (see  s e c t io n  4 .6}  f o r  a p o in t  source  
geom etry.
Between th e  fo u r th  and f i f t h  d a ta  r u n s ,  th e  c a v i ty  was f o r e ­
sh o r ten ed  by p la c in g  a o n e -e ig h th  inch  m etal p l a t e  between the  r e - e n t r a n t  
s tu b  and the  top  end p l a t e  (see  f i g u r e  6 - 7 ) .
—  Ca v i t y
- A .a r f
F ig u re  6 -7 ,  F o resh o r ten ed  C av ity
By s h o r te n in g  th e  c a v i ty ,  the  e f f e c t  o f  a change in  c r y s t a l  d i e l e c t r i c  
c o n s ta n t  would be g r e a t e r  on the  r e s o n a n t  f re q u e n c y .  This means t h a t  
the  t h i r d  s e t  o f  d a t a  was taken  w ith  a d i f f e r e n t  c a v i ty ,g e o m e t ry ,  and 
s in c e  th e  c a v i ty  was h e a te d ,  a f u r t h e r  reduced  r a d io a c t i v e  so u rc e .  The 
a d d i t io n  o f  t h i s  p l a t e  would p o s s ib ly  reduce th e  sou rce  geometry. In  
t h i s  case  th e  s lo p e  was 32l Hz/min.
Each o f  th e  curves  shows a s h i f t  in  f requency  which i s  a p p ro x i ­
m ate ly  p ro p o r t io n a l  to th e  i n t e n s i t y  o f  r a d i a t i o n .  That i s ,  a s lo p e  o f  
620 Hz/min co rresponds  to  a count o f  16,200 cpm in  a  gas p ro p o r t io n a l
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system* A s lo p e  o f  130 Hz/mln co r re sp o n d s  to a coun t o f  4 ,500  cpm in  
a gas  p r o p o r t i o n a l  system* N o tice  t h a t  w ith  th e  change in  c a v i ty  geo­
metry  (K) and p o s s i b l e  change in  so u rce  geom etry (G), and assuming t h a t  
the  h e a t  d id  n o t  a p p re c ia b ly  change th e  i n t e n s i t y  o f  the  so u rc e ,  then  
a s lo p e  o f  321 Hz/min a lso  co rresp o n d s  to  4 ,500  cpm (see  f i g u r e  6-3)*
6*2 O ther  Runs
One ru n  was made du ring  the  ex p e r im en ta l  work in  which no f r e ­
quency change was re c o rd e d .  This was somewhat shocking  to  th e  e x p e r i ­
m en te r ,  Data taken  d u r in g  t h i s  run  showed t h a t  th e  o p e r a t in g  frequency
would change i f  th e  c a v i ty  were h e a t e d ,  b u t  t h a t  a f t e r  f i v e  m inu tes  th e
r e s o n a n t  f req u en cy  r e tu r n e d  to  i t s  p re h e a te d  v a lu e ,  (H eating  was accom­
p l i s h e d  th rough  a 24 ohm-2 w a tt  r e s i s t o r  i n s e r t e d  in s id e  th e  ho llow  r e ­
e n t r a n t  s t u b . )  The system was hammered on w ith  no change in  frequency
5
r e s u l t i n g *  The c a v i ty  f a c t o r  Q was measured and found to be (2 .3 ) (1 0  ) ,
4
Normal Q measurement was (3 ,0 0 ) (1 0  )* This l e a d  the  ex p er im en te r  to 
s u s p e c t  t h a t  th e  c r y s t a l  was no lo n g e r  on th e  end o f  th e  r e - e n t r a n t  
stub*
A f te r  th e  ex p er im en ta l  r u n ,  th e  system  was b rough t back up to  
room te m p e ra tu re ,  and the  c a v i ty  was c a r e f u l l y  opened so a s  n o t  to J a r  
th e  c r y s t a l  o f f  the  r e - e n t r a n t  s tu b .  The c r y s t a l  was n o t  in  p l a c e ,  b u t  
was found in  th e  bottom  o f  th e  c a v i ty  where i , t  would l e a s t  a f f e c t  the  
o p e r a t in g  frequency* The r e s u l t  o f  t h i s  run  was to  show t h a t  any p r e ­
v io u s ly  re c o rd e d  c a v i ty  re s o n a n t  f requency  changes a re  due to  r a d i a t i o n  
s t r i k i n g  th e  c r y s t a l ,  s in c e  th e re  was no change when the  c r y s t a l  was n o t  
in  p lace*
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6 ,3  C onclusions
The p u rpose  o f  t h i s  d i s s e r t a t i o n  was to prove t h a t  the  p h o to d i­
e l e c t r i c  e f f e c t  co u ld  be used  to d e t e c t  n u c l e a r  r a d i a t i o n  as a d o s im e te r ,  
and t h i s  has been  done. The th e o ry  developed  shows t h a t  the  change in  
f req u en cy  i s  p r e d i c t e d  by
1 Gp
which i s  a com bination  o f  e q u a t io n s  (3 -54) and (3 -6 2 ) ,  The change in  
Ae^ i s  g iven  by e q u a t io n  (3 -4 2 ) ,  and th e  change in  A n  i s  g iven  by equa­
t i o n  (3 -3 9 ) ,  A com bination  o f  th e se  two e q u a t io n s  y i e ld s
A f  _ K e^ /
_ 2 2 2 V /  0 ( t ) d t  (6 -2 )
1 (Wq -w ) me^ej. -'O
2 2 b u t  w i s  sm all compared to  w , as  shown in  c h a p te r  th r e e ;  th u s
1 f  ^  
f ,  Ke /
A f  .     ..I  — /  0 ( t ) d t  .  (6 -3 )
Wome^erV 0
A ll th e  term s in  th e  above e q u a t io n ,  w ith  th e  ex ce p t io n  o f  the  
i n t e g r a l ,  a r e  c o n s t a n t s ,  thus  ^
A f  -  % / 0 ( t ) d t  .  (6 -4 )
Jo
In  th e  c a s e  o f  th e  exp er im en ta l  ru n s  u n d e r ta k e n  0 ( t )  was a c o n s t a n t ,  th u s
A f  -  % 0t (6 -5 )
which i s  l i n e a r l y  r e l a t e d  to t im e.
The r e s u l t s  o b ta in e d  in  th e  ex p e r im en ta l  ru n s  a re  l i n e a r l y  r e l a t e d  
to  t im e .  Also a s  0 d e c re a se d ,  so d id  the  s lo p e  o f  the  r e s u l t s .  Thus the  
cum ula tive  p h o t o d i e l e c t r i c  dev ice  behaves a s  p r e d ic te d  in  the  t h e o r e t i c a l  
developm ent, and th e  e f f e c t  may be used as  a r a d i a t i o n  d o s im e te r .  A lso , 
a cc o rd in g  to  th e  th e o ry  developed , th e  d o s im e te r  should  work w ith  v ery  low
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a c t i v i t y ,  low energy  s o u rc e s .  This would ex tend  to  e n e rg ie s  w ell below 
the  156 KeV (maximum) used  fo r  th e  exp er im en t ,  and p o s s ib ly  to  2 .54  eV, 
the  bandgap o f  cadmium s u l f i d e .
6 ,4  Advantages o f  This  Technique
Because th e  d e v ic e  i s  an i n t e g r a t o r ,  and s in c e  a l l  th e  io n iz e d  
h o le s  and e l e c t r o n s  a r e  t r a p p e d ,  i t  becomes v e ry  s e n s i t i v e  to  low e n e r ­
g ie s  and low f l u x .  That i s ,  o n ly  abou t 5 eV i s  r e q u i r e d  to io n iz e  an 
e l e c t r o n - h o l e  p a i r  i n  CdS. These a re  trapped  and in  e f f e c t  "coun ted" .  
Thus ev e ry  p a i r  c r e a te d  in  the  c r y s t a l  by io n iz in g  r a d i a t i o n  i s  s i g n i f i ­
c a n t ,  and v e ry  low i n t e n s i t i e s  may be o b se rv ed .  Since recom bination  
does n o t  o ccu r  ( f o r  d a y s ) ,  no recom bina tion  n o i s e  i s  p r e s e n t  in  the  semi­
conducto r  c r y s t a l .  No s h o t  o r  f l i c k e r  n o is e  e x i s t s ,  s in c e  th e re  i s  no 
c u r r e n t  f low ing  in  th e  c r y s t a l .  The on ly  o t h e r  a p p re c ia b le  n o is e  source  
which would mask th e  5 eV s e n s i t i v i t y  f ig u r e  i s  t h a t  g en e ra te d  by 
th e rm a l ly  e x c i t e d  h o l e - e l e c t r o n  p a i r s  which m ight f i l l  th e  t r a p s .  This
may be d is c o u n te d  by c o n s id e r in g  the  r e l a t i o n s h i p  f o r  conduction  e l e c t r o n
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d e n s i ty  (n^) in  a  sem iconductor  g iven  by e q u a t io n  ( 6 - 6 ) ,
3 /2  -E g /2 k T  (6 -6 )
*"i -  ^3 n
where h i s  P l a n k 's  c o n s t a n t ,  k i s  Boltzman’ s c o n s t a n t .  Eg i s  th e  energy
gap in  cadmium s u l f i d e ,  and T i s  th e  tem p era tu re  in  deg rees  K e lv in .  At
room te m p e ra tu re  (300°K ), Eg e q u a ls  2 .53 eV, and k e q u a ls  0 .026 eV.
The use  o f  th e s e  numbers i n  eq u a t io n  (6-6) y i e l d s  an i n t r i n s i c  d e n s i ty
3 3
o f  conduc tion  e l e c t r o n s  o f  (1 .4 2 ) (1 0  )/m • In  a sample having a volume 
o f  O . l c c ,  o n ly  (1 .4 2 ) (1 0  ) e l e c t r o n s  would e x i s t ,  on a  time average .
The c r e a t i o n  o f  a s i n g l e  h o le - e l e c t r o n  p a i r  would be th r e e  o r d e r s  o f
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magnitude above t h i s  no ise*  At lower te m p era tu re s  t h i s  n o is e  f i g u r e  
would be even low er.
A f u r t h e r  improvement in  th e  n o is e  c h a r a c t e r i s t i c  o f  tho dev ice  
a r i s e s  because  frequency  i s  measured r a t h e r  than an am p li tu d e .  The 
system does n o t  r e q u i r e  t h a t  th e  dos im e te r  be s e p a ra te d  from th e  r a d i a ­
t i o n  sou rce  by an in te rv e n in g  w all*
I n  summary, th e  cum ula tive  p h o t o d i e l e c t r i c  e f f e c t  (AC mode) 
dos im e te r  o f f e r s  s e v e ra l  worthy advan tages .  These in c lu d e  a r e l i a b l e  
b u i l t - i n  i n t e g r a t i o n  e f f e c t  ( t h a t  i s ,  no e x te r n a l  e l e c t r o n i c  c i r c u i t s  
a r e  r e q u i r e d  to  r e g i s t e r  th e  r a t e  o f  d o s e ) ,  h igh  s e n s i t i v i t y  to  low 
e n e rg ie s  (of th e  o r d e r  5 eV, th e  io n i z a t i o n  p o t e n t i a l  o f  cadmium s u l ­
f i d e ) ,  low f lu x  c a p a b i l i t y ,  low dev ice  n o i s e ,  and improved e l e c t r o n i c  
c i r c u i t  n o is e  f ig u re s *
6*5 D iscu ss io n
At the  s t a r t  o f  th e  experim en ta l work, th e  p rim ary  goal was to 
show t h a t  th e  p h o t o d i e l e c t r i c  e f f e c t  in  cadmium s u l f i d e  cou ld  be used  as 
a n u c le a r  r a d i a t i o n  dosim eter*  This goal was accom plished . I t  was 
a lso  hoped t h a t  s e v e ra l  s e t s  o f  d a ta  runs  cou ld  be made u s in g  th r e e  
d i f f e r e n t  so u rces  o f  r a d i a t i o n  ( a lp h a ,  b e t a ,  and gamma.) Also a  s e r i e s  
o f  d a ta  runs  was to be a t tem p ted  u s in g  h igh  p u r i t y  s i l i c o n  (lOK/cro) in  
p la c e  o f  the  cadmium s u l f i d e  c r y s t a l .  F i n a l l y ,  th e  d o s im e te r  was to 
be c a l i b r a t e d  u s in g  a known source  o f  r a d i a t i o n .
A ll o f  th e se  g o a ls  were im poss ib le  to a t t a i n ,  n o t  because  o f  im­
p ro p er  expe rim en ta l  o b j e c t i v e s ,  b u t  because lo c a l  fund ing  was n o t
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a v a i l a b l e  f o r  th e  p u rchase  o f  enough l i q u i d  n i t r o g e n  and helium* '£ho 
prim ary  goal o f  p rov ing  th e  f e a s i b i l i t y  o f  th e  dev ice  was achieved* I t  
i s  hoped t h a t  the  p re l im in a ry  d a ta  o b ta in e d  to  d a te  may be used to  con­
v in c e  some agency t h a t  th e  cum ulative  p h o t o d i e l e c t r i c  e f f e c t  may bo used 
as  a means o f  n u c le a r  r a d i a t i o n  dos im e try .  I f  t h i s  can be done, f u r t h e r  
s e t s  o f  d a ta  can be o b ta in e d .
6 .6  Recommandat l o n s  For F u r th e r  Study
The cum ula tive  p h o to d i e l e c t r i c  e f f e c t  has  been shown to be u s e ­
fu l  in  th e  c o n s t r u c t io n  o f  a d o s im e te r ,  b u t  no c a l i b r a t i o n  run was made 
w ith  t h i s  d e v ic e .  One o f  th e  f i r s t  s te p s  t h a t  should  be taken  i s  c a l i ­
b r a t i o n  o f  the  d e v ic e ,  so t h a t  i t  may be used  to  measure unknown q u a n t i ­
t i e s  o f  r a d i a t i o n .  F urtherm ore , th e  e f f e c t  shou ld  be s tu d ie d  f o r  
v a r io u s  ty p es  and i n t e n s i t i e s  o f  r a d i a t i o n ;  f o r  i f  th e  dev ice  i s  to be 
used  as  a d o s im e te r ,  i t  must be ab le  to  measure an amount o f  energy de­
p o s i t e d  p e r  u n i t  time from any r a d i a t i o n  s o u rc e .  The dosim eter  should  
have a re sp o n se  to th e  energy  d e p o s i te d  which i s  e s s e n t i a l l y  independent 
o f  th e  energy and o f  th e  n a tu re  o f  th e  r a d i a t i o n .
O ther c r y s t a l s  shou ld  be in v e s t ig a t e d  to see  i f  they e x h i b i t
cum ula tive  t r a p s  a t  h ig h e r  te m p e ra tu re s .  T h is  should  be p o s s i b l e ,  s in c e  
30th e  l i t e r a t u r e  i n d i c a t e s  t h a t  CdS:Ag e x h i b i t s  the  t r a p  p ro p e r ty  up to 
o
70 K. This i s  u n f o r tu n a t e  s in c e  the  tem p era tu re  o f  l i q u i d  n i t r o g e n  i s  
77^K; b u t  i f  d i f f e r e n t  dopants  a re  t r i e d  i t  may be p o s s ib le  to s u s t a in  
th e s e  t r a p s  in s id e  tem p era tu re  range o f  l i q u i d  n i t r o g e n .  Even a t  the  
tem pera tu re  o f  l i q u i d  n i t r o g e n ,  the  system would be d i f f i c u l t  to u se .
I t  i s  hdped t h a t  a method could  be d e r iv e d  f o r  which th e  device would
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op erate a t  room tomparaturo.
Some m ention o f  tho  so u rce  goomotry f a c t o r  was mndo in  s e c t i o n  
4 . 6 ,  f o r  a p o in t  so u rce  geom etry . For tho c a v i ty  in  t h i s  experim en t 
th e  geometry f a c t o r  was c o lc u lo to d  to  bo 4% (p o in t  s o u r c e ) ;  t h i s  i s  
r a t h e r  p o o r .  The c a v i ty  shou ld  he re d e s ig n e d  in  such a manner t h a t  the  
sou rce  geometry f a c t o r  cou ld  be improved. Some c o n s id e r a t io n  should  
a l s o  be g iven  to  keeping  th e  r a d i a t i o n  source  o u t s id e  th e  c a v i t y .  A lso , 
i n  the  f u t u r e ,  r a d i a t i o n  so u rc e s  shou ld  be chosen which w i l l  w ith s ta n d  
more h e a t  th an  the  type u sed  in  t h i s  experim en t .  A c tu a l ly  the  c a v i ty  
cou ld  be re d e s ig n e d  e a s i l y  so t h a t  a Woods m etal s e a l  would n o t  be 
n e c e s s a r y ,  and the  h e a t  problem cou ld  be r e so lv e d  in  t h i s  manner,
A s e r i e s  o f  i n v e s t i g a t i o n s  should  be made to  see  i f  the  dos im e te r  
cou ld  a c t u a l l y  be u sed  as  a p a r t i c l e  d e t e c t o r .  This i s  f e a s i b l e  because  
th e r e  w i l l  be s te p  changes i n  the  r e l a t i v e  d i e l e c t r i c  c o n s ta n t  whenever 
r a d i a t i o n  s t r i k e s  th e  c r y s t a l .  This s te p  change in  r e l a t i v e  d i e l e c t r i c  
c o n s ta n t  would be r e f l e c t e d  in  a s te p  change in  f re q u e n c y .  In  e x p e r i ­
m ental ru n  number 4 ,  which u sed  the  phase lock  lo o p ,  t h i s  s te p  change 
in  frequency  would cause a s t e p  change in  phase e r r o r  v o l t a g e .  The s te p  
change In  e r r o r  v o l ta g e  would be d i r e c t l y  p ro p o r t io n a l  to  th e  energy  o f  
the  r a d i a t i o n  s t r i k i n g  th e  c r y s t a l .  Thus the s te p  change cou ld  be 
d i f f e r e n t i a t e d ,  g iv in g  an o u tp u t  whose magnitude would be p ro p o r t io n a l  
to  the  r a d i a t i o n  en e rg y .  S ince  th e  s t e p  change in  r e l a t i v e  d i e l e c t r i c  
c o n s ta n t  cou ld  be sensed  in  a  few c y c le s  o f  th e  e l e c t r i c  f i e l d ,  th e  time 
r e s o l u t i o n  o f  th e  in s t ru m e n t  would depend s o le ly  on th e  f req u en cy  o f  the  
e l e c t r i c  f i e l d .  Hence, as  th e  frequency  o f  th e  f i e l d  i s  in c r e a s e d ,  so 
i s  the  time r e s o l u t i o n  o f  th e  d e t e c t o r .
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This de tecC or would have th e  same low n o i s e ,  low en e rg y ,  and 
low f lu x  c h a r a c t e r i s t i c s  as  the  d o s im e te r  e x p lo re d  in  the p reced in g  
work, b u t  w ith  one e x c e p t io n .  I f  h ig h e r  f req u en cy  e l e c t r i c  f i e l d s  a r e  
u s e d ,  the  s e n s i t i v i t y  o f  the  dev ice  would I n c r e a s e .  Also a t  h ig h e r  f r e ­
q u e n c ie s ,  microwave c a v i t i e s  could  bo u s e d .  The e n t i r e  c a v i ty  cou ld  be 
f i l l e d  w ith  th e  sem iconductor and p a r t ,  i f  n o t  a l l ,  o f  one w all o f  th e  
C av ity  cou ld  be removed w ith o u t  a p p re c ia b ly  a f f e c t i n g  the  o p e r a t io n  o f  
th e  microwave c a v i t y .  This means t h a t  the  r a d i o a c t i v e  sou rce  cou ld  be 
k e p t  o u t s id e  th e  c a v i t y ,  and a lso  t h a t  th e r e  would be no in te r v e n in g  
w all between th e  d e t e c t o r  and the  r a d i o a c t i v e  s o u rc e .  F u rtherm ore ,  the  
c a v i ty  cou ld  be made s m a l l e r ,  o r  the  c r y s t a l  cou ld  be made l a r g e r  w i th  a 
r e s u l t i n g  in c r e a s e  i n  th e  s to p p in g  power. This would ex tend  th e  upper 
energy  l i m i t .
‘ O th e r  i n v e s t i g a t i o n s  could  fo l lo w  th e  l i n e s  s e t  down in  th e  p r e ­
ced ing  p a ra g ra p h s  e x c e p t  t h a t  In s te a d  o f  making u se  o f  th e  cum ula tive  
p h o t o d i e l e c t r i c  e f f e c t ,  j u s t  the  p h o t o d i e l e c t r i c  e f f e c t  cou ld  be u s e d .  
Again, i f  a c r y s t a l  were p laced  in  a microwave c a v i ty  and r a d i a t i o n  
a llow ed to  f a l l  on i t ,  momentary s h i f t s  o f  th e  r e s o n a n t  f req u en cy  would 
o c c u r .  These s h i f t s  would be p ro p o r t io n a l  to th e  i n t e n s i t y  o f  the  r a d ­
i a t i o n ,  and Could be d e te c te d  u s in g  phase ang le  te c h n iq u e s  a l re a d y  
d i s c u s s e d .  The o u tp u t  v o l ta g e  o f  th e  phase  d e t e c to r  would be p ro p o r ­
t i o n a l  to th e  amount o f  energy . This v o l t a g e  cou ld  be d i f f e r e n t i a t e d ,  
and i t s  m agnitude would be p ro p o r t io n a l  to th e  energy  p r e s e n t .  Note 
t h a t  the  r e s o l u t i o n  o f  t h i s  d e t e c to r  would be l i m i t e d  o n ly  by th e  dead ­
tim e o f  th e  d e t e c t o r .  The dead-tim e would be l i m i t e d  by th e  e l e c t r o n -  
h o le  p a i r  reco m b in a t io n  t im e . In  f a c t ,  t h i s  time should be s h o r t  s in c e
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th o re  a r e  no DC f i e l d s  p r e s e n t  to  keep tho o l e c t r o n - h o le s  from recombin­
in g .  The e l e c t r o n - h o l e s  would rem ain io n iz e d  long  enough f o r  th e  
d i e l e c t r i c  change in  the  c r y s t a l  to  be sensed  by th e  a p p l ie d  low v o lta g e  
AC f i e l d .
O th e r  methods l i k e  th e  one d e s c r ib e d  by B o r iso v  and Marinov 
co u ld  be i n v e s t i g a t e d  f u r t h e r .  Thus the  th r e e  d i f f e r e n t  types  o f  AC mode 
o p e r a t io n  co u ld  be used  a s  an improved d e t e c t o r .  These ty p e s  a r e  pho to -  
c o n d u c t iv e .  p h o t o d i e l e c t r i c ,  and cum ula tive  p h o t o d i e l e c t r i c .
BIBLIOGRAPHY
1 , A rndt,  G. D. " P h o to d ie l e c t r i c  E f f e c t  o f  Bulk Semiconductors In
Resonant C a v i t i e s , "  Ph.D. D i s s e r t a t i o n ,  Tho U n iv e r s i ty  o f  Texas, 
A u s t in ,  Texas, 1966.
2, Avon, M, and J ,  S. P re n o r .  P hvs lc s  and Chemistry o f  II -V I Com­
pounds, New York: John Wiley & Sons, 1967,
3 , B ethe , H, A, Handbuch dor P h y s lk , VoI, 24,  B e r l in :  J u l i u s
S p r in g e r ,  1933,
4 , B ethe , H, A, "Bremstormel f u r  E lek tronen  R e l a t l v l s t l s c h e r
G esch w ln d lg k e i t ."  Z, P h y s lk , 76 (1937), p ,  293,
5 , Boom, M, and M, Hogaboom, P r in c i p l e s  o f  E l e c t r o p l a t i n g  and E le c t r o ­
fo rm ing ,  New York: McGraw-Hill, 1936,
6 , B o risov ,  M, and M, M arinov, Dak, Bulg, Akad, Nauk, 11 (1958),  p ,  169.
7, Bube, R, H, "Comparison o f  S u rface -E x c ited  and Volume-Excited
PhotoConduct!on In  Cadmium S u lf id e  C r y s t a l s , "  Phys, Rev, 101 (1956),
p ,  1668,
8 , Bube, R, H. P h o to c o n d u c t lv i ty  o f  S o l id s , New York: John Wiley &
Sons, 1960,
9, Bube, R, H ,, G, A, O u sse l ,  C. Ho, and L. D, M i l l e r ,  "D e te rm ina tion
o f  E le c tro n  Trapping P a ra m e te rs ,"  J ,  Apol. Phys. 37 (1966),  p ,  2 l ,
10, Cardona, M, and G, Harbeke, "O p t ic a l  P r o p e r t i e s  and Band S t ru c tu r e
o f W urtz ite -Type C ry s ta l s  and R u t i l e , "  Phys, Rev. 13?A (1965) ,  p ,  
1467A.
11, Chase, R, and H, Robinow itz, P r in c i p l e s  o f  R adio iso tope  Method­
o lo g y ,  M inneapo lis :  B urgess , 1962,
12, Colbow, K, "F ree-to -B ound  and Bound-to-Bound T ra n s i t io n s  in  CdS,"
Phys, Rev, I 41 (1966),  p ,  742.
13 , D earna ley ,  G, and D, C, N orth rop , Semiconductor C ounters  For Nu­
c l e a r  R a d ia t io n s ,  2 ed ,  London: E, & F, N, Spon L t d . ,  1966,
14, D u sse l ,  G, A, and R, H, Bube, " E l e c t r i c  F ie ld  E f f e c t s  in  Trapping
P r o c e s s e s ,"  J ,  Ap p I ,  Phys,  37 (1966), p ,  2797,
108
109
15. GasCman, P. C. and D. E. B rod io . "CdS Films With A d ju s ta b le  C a r r ie r
D ensity  in  Any Given Sample." P ro c . IEEE 53 (1965),  p . 5 l2 ,
16 . C a r l i c k ,  G. P .  J .  and A. P . Gibson. " E le c tro n  Traps and D i e l e c t r i c
Changes in  Phosphorescen t S o l id s . "  P ro c . Roy. Soc. A 188 (1947), 
p .  485.
17 . H artw ig , W. H. "Quantum D e tec t io n  o f  L ig h t ,  Using the  p h o t o d i e l e c t r i c
E f f e c t  in  Sem iconductors ."  B u l l . Amor. Phvs. Soc. 11 (1966) ,  p .  764,
18 . H artw ig , W. H. and G, D. A rndt. "O bserva tion  of the  P h o to d ie l e c t r i c
E f f e c t  in  Semiconductor C r y s ta l s  a t  Low Tem perature ."  B u l l . Amer. 
Phvs. Soc. n .  (1966) ,  p .  52.
19. H artw ig , W. H. and J .  J .  H inds. "Use o f  the  P h o to d ie l e c t r i c  E f f e c t
to  Observe Trap P i l l i n g  in  CdStAg a t  4.2®K." B u l l . Amer. Phys.
Soc. 13 (1968 ) ,  p .  168.
20 . Harvey, A. I .  Microwave E n g in ee r in g .  New York; Academic P re s s ,
1963.
21 . Heimbecker, M. A. "A Study o f  th e  F e a s i b i l i t y  of an A. C. R ad ia t io n
D e te c to r ."  M asters  T h e s i s ,  The U n iv e r s i ty  o f  Oklahoma, Norman, 
Oklahoma, 1968.
22 . H inds, J ,  J .  "The P h o to d ie l e c t r i c  E f f e c t  in  Cadmium S u l f id e , "  Mas­
t e r s  T h e s i s ,  The U n iv e r s i ty  o f  Texas, A u s t in ,  Texas, 1968.
23 . H o p f ie ld ,  J .  J .  and D. G. Thomas. "F ine  S t ru c tu re  and Magneto-
O p tic  E f f e c t s  in  th e  E xc i ton  Spectrum o f  CdS." Phys. Rev. 122 (1961) 
p .  35.
24 . Howard, R. A. N uclear  P h y s ic s . C a l i f o r n i a :  Wadsworth P u b l ish in g
Company, I n c . ,  1963.
25 . Kallman, H. and P . Mark. " D e -E x c i ta t io n  o f  ZnS and ZnCdS Phosphors
by E l e c t r i c  F i e l d s . "  Phvs. Rev. 105 (1957),  p .  1445.
26 . K i t t e l ,  C. I n t ro d u c t io n  to  S o lid  S ta te  P h y s ic s . 2 ed . New York;
John Wiley & Sons, 1968.
27 . K ronenberg, S. and C. A. Accardo. " D i e l e c t r i c  Changes in  In o rg an ic
p h o sp h o rs ."  Phys.  Rev. 101 (1956),  p .  999.
28 . Kulp, B. A. "D e fe c ts  in  Cadmium S u lf id e  C r y s t a l s . "  J .  Appl. Phvs.
36 (1 9 6 5 ) ,  p .  553.
29 . Kulp, B. A ., R. M. D e tw e ile r ,  and W, A. Anders. "Tem perature Depend­
ence on Edge Emission in  S in g le  C ry s ta l  Cadmium S u l f id e ."  Phys,
Rev.  131 (1963),  p .  2036.
30 . Lambe, John .  "CdS With S i lv e r  A c t iv a to r . "  Phys. Rev. 100 (1955),
p .  1586.
110
31. Lnmbo, Jo h n .  "Recom bination Processon In CdS." Phvs. Rfv. 08
(1955) ,  p .  985.
32. Lambe, J .  J ,  and C. C. K llc k .  "Model Cor Luminescence and Photo­
c o n d u c t iv i ty  in  the  S u l f id e s . "  Phvs.  Rev.  OR (1 955) ,  p .  009.
33. L enard , p .  and S. S ae land .  "Ubor d ie  l i c h t o l o k t r i s c h e  und a k t ln o -
d i e l e k t r i s c h e  Wlrkung Beidon IJ rdn lko liphosphoren ."  Ann, Phys. 28 
(1909) ,  p .  4 /6 .
34. H o l le r ,  C. "Zur Thoorie  des Ourchgangs s c h n o l l e r  E lek tro n en  durch
M a te r i e ."  Ann. Phys. 14 (1932),  p . 531.
35. Moreno, T. Microwave Transm ission  Dos ie n  D ata .  New York: Dover
P u b l i c a t i o n s ,  I n c . ,  1958.
36. N o z ie re s ,  P .  and D. P in e s ,  " E le c tro n  I n t e r a c t i o n  in S o l id s ,  Col­
l e c t i v e  Approach to  the  D i e l e c t r i c  C o n s ta n t ."  Phvs. Rev. 109 
(1 958 ) ,  p .  702.
37. N o z ie re s ,  P . and D. P in e s .  " E le c tro n  I n t e r a c t i o n  in  S o l id s ,  General
F o rm u la t io n ."  Phys. Rev. 109 (1958),  p .  741.
38. Nussbaum, A. E lec tro m ag n e tic  and Quantum P r o p e r t i e s  o f  Mat e r i a l s .
New J e r s e y :  p r e n t l c e - H a l l , 1966.
39. P e l l ,  E. M. " Io n  D r i f t  in  an n -p  J u n c t io n ."  J .  Appl. P h y s ic s . 31
( I9 6 0 ) ,  p .  291. =>
40. Ramo, S. and J .  R. Whinnery. F ie ld s  and Waves in  Modern Radio . 2 ed .
New York: John Wiley & Sons, 1953.
41 . R ogers, M. The Handbook o f  p r a c t i c a l  E l e c t r o p l a t i n g . New York:
McMillan, 1959.
42 . Rose, A. Concents in  Pho to c o n d u c t iv i  ty  and A l l ie d  Problem s. New
York: I n t e r s c i e n c e  p u b l i s h e r s ,  1963.
43 . Sucker, M. and J .  Fox. Handbook o f  Microwave and M easurements. New
York: I n t e r s c i e n c e  P u b l i s h e r s ,  1963.
44 . Wang, S. S o lid  S ta t e  E l e c t r o n i c s . New York: McGraw-Hill, 1966,
45 . Woodbury, H. H. " D i f fu s io n  o f  Cd in  CdS." Phvs. Rev. 134a (1964),
p .  A492.
46 . Woods, J .  "Changes in  C o n d u c t iv i ty  R e su l t in g  From Breakdown in  CdS
C r y s t a l s . "  P ro c .  Phys. Soc. 69 (1956),  p .  975.
47 . Woods, J ,  and K. H. N ic h o ls .  "Photochemical E f f e c t s  in  Cadmium Sul­
f id e  C r y s t a l s . "  B r i t i s h  J .  Aool. Phys. 15 (1 964 ) ,  p .  1361.
APPENDIX I
DESIGN OF PHASE DETECTOR ELECTRONIC CIRCUITS
The output: c h a r a c t e r i s t i c  o f  the  HP 10514A m ixer-phase  d e t e c to r  i s  
shown in  f i g u r e  A-1. The phase  d e t e c to r  p u ts  o u t  a maximum v o l t a g e  when 
the  two in p u t  s ig n a l s  a re  in  phase (0^ phase d i f f e r e n c e )  o r  com ple te ly  
o u t  o f  phase (180® phase d i f f e r e n c e . )  This s ig n a l  must f i r s t  be In v e r te d  
so t h a t  i f  th e  c a v i ty  i s  n o t  in  re s o n a n c e ,  then  an e r r o r  s ig n a l  I s  ob­
t a in e d ;  a l s o  a t  th e  same tim e some a m p l i f i c a t io n  o f  th e  s ig n a l  can be 
o b ta in e d .
This  e r r o r  s ig n a l  i s  then in t e g r a t e d  by an o p e r a t io n a l  a m p l i f i e r ,  
o p e r a t in g  as an i n t e g r a t o r .  This i s  n e c e s s a ry  because the  c o n t ro l  system 
must remember what th e  p re v io u s  c o r r e c t io n  v o l t a g e  was, o r  the  system 
w i l l  o s c i l l a t e .  The i n t e g r a t e d  v o l t a g e  i s  then  a p p l ie d  to a t r a n s i s t o r  
a m p l i f i e r  which in  tu rn  d r iv e s  an e m i t t e r  f o l lo w e r .  The o s c i l l a t o r  
v o l ta g e  c o n t ro l  in p u t  r e q u i r e s  0 to -30 v o l t s  to d r iv e  i t ,  w ith  a nominal 
impedance o f  4K. This lo a d  can be su p p l ie d  by a pnp e m i t t e r  f o l lo w e r .
S evera l p r e c a u t io n s  must be o b se rv e d .  The e n t i r e  system i s  a DC 
a m p l i f i e r ,  and DC a m p l i f i e r s  show an in h e re n t  tendency to  d r i f t .  F i l b r i c k  
65 AU o p e r a t io n a l  a m p l i f i e r s  have l i t t l e  d r i f t ,  and a re  as  s t a b l e  as  the  
power su p p ly .  Thus, h ig h ly  s t a b l e  power s u p p l ie s  a re  n e c e s s a ry ;  and t h i s  
a l so  a p p l i e s  to the  t r a n s i s t o r  a m p l i f i e r s .  The e n t i r e  system  i s  tem pera­
tu r e  depen d en t,  and must be th e rm a l ly  s t a b i l i z e d  b e fo re  i t  i s  u se d .
I l l
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APPENDIX I I
TERMINOLOGY
One even t-one  charge p r i n c i p l e .
The io n i z in g  p o t e n t i a l  f o r  a i r  i s  rough ly  3GoV. (This 
v a r i e s  from gas  to g a s ) .  Thus one even t g iv e s  one charge i f  the  
incoming r a d i a t i o n  energy  i s  30eV o r  g r e a t e r .  The number o f  
io n iz in g  e v e n ts  would be g iven  by E/30eV ( fo r  a i r ) ,  where E i s  the  
energy o f  th e  n u c le a r  r a d i a t i o n  ,
flnmma rav  c h a r a c t e r i s t i c .
The gamma ra y  c h a r a c t e r i s t i c  o f  a d e t e c to r  may be de f ined  
as  th e  re sp o n se  o f  th e  d e t e c to r  to  in c re a s in g  gamma ray  energy .  ( See 
th e  f i g u r e  be low ).
CPM
N otice  t h a t  t h i s  c h a r a c t e r i s t i c  i s  f a i r l y  f l a t  a f t e r  a c e r t a i n  maximum 
e n e rg y 'h a s  been r e a c h e d .  This maximum v a lu e  i s  th e  energy r e s o lu t i o n  
c u t - o f f  p o in t ,  (That i s ,  a t  about t h i s  ene rg y ,  th e  d e t e c t o r ’ s o u tp u t  i s
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no lo n g e r  p ro p o r t i o n a l  to  th e  r a d i a t i o n  energy .
E f f e c t iv e  Mass.
In  f r e e  space  the  m ass o f  an e l e c t r o n  i s  determ ined by 
measuring th e  charge  to  mass r a t i o  e /m , by m easuring the d e f l e c t i o n  of 
an e l e c t r o n  beam in  a cathode ray  tu b e .  I n s id e  a s o l i d  t h i s  experim ent 
would have no meaning. The e f f e c t i v e  mass i s  a c o r r e c t io n  term which 
accoun ts  f o r  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  in  a c r y s t a l ,  and a p p l ie s  
to e q u a t io n s  o f  motion f o r  an e l e c t r o n  in  a s o l i d .
Consider f i r s t  an e l e c t r o n  moving in  a vacuum whose t o t a l  
energy  can be ex p re s se d  as
E -  T ■ .  (A-1)
Using
p -  mv (A-2)
th i  s becomes ^
and by u s in g  de B r o g l i e ' s  r e l a t i o n s h i p
E "  (A-3)
 ^ " "lET (A-4)
where k ■ 1/A. ,  th e  w avelength .
Now d i f f e r e n t i a t e  t h i s  e q u a t io n  w ith  r e s p e c t  to k .
dS - 'K^k .
I T  T ’ *
and once a g a in  _ .
IT
so t h a t  th e  mass o f  th e  f r e e  e l e c t r o n  can be ex p ressed  as
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m -  ,  <A-7)
dk^
This d e f i n i t i o n  may be ap p l ie d  to  an e l e c t r o n  in  the  
c r y s t a l  l a t t i c e ,  and d e te rm in es  what i s  known a s  th e  e f f e c t i v e  mass o f  
an e l e c t r o n ,
2 .
(A-8)
This e q u a t io n  assumes an i s o t r o p i c  c r y s t a l ;  however, i f  
th e  c r y s t a l  i s  a n i s o t r o p ic  th e  e q u a t io n  may be m o d if ied ,  g iv in g  r i s e  to 
th e  e f f e c t i v e  mass t e n s o r .  F u r th e r  in fo rm a tio n  may be found in  r e f e r ­
ences  26 and 38,
